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Inflammation is a state which is often characterized by the presence of heat, pain, 
redness, and swelling in a tissue. It is induced by the innate immune system, among which 
are immune cells which reside in the tissues. Included in the list of these immune cells 
are macrophages, mast cells, dendritic cells, leukocytes, as well as fibroblasts. In the 
presence of the threat of pathogen and cell damage, these cells are activated. These 
immune cells recognize the presence of both damage-associated molecular patterns 
(DAMPs), which were either remained from or produced by damaged cells, and 
pathogen-associated molecular patterns (PAMPs) from potential pathogens. The 
recognition process was done through pattern recognition receptors (PRRs) which can 
usually be found on the surface or in the aforementioned immune cells. Upon recognizing 
these features, activated PRRs will then triggered a cascade of signals to regulate the 
production of cytokines via the activation of NF-κB and mitogen-dependent protein 
kinase pathways. Cytokines themselves possess regulatory functions upon other cells and 
trigger the local dilation of blood capillaries and increased vascular permeability, further 
allows and invite inflammatory cells to enter the tissue [1].   
Inflammation is a key regulatory process in the body, as has been emphasized by 
several findings which showed the relevance of inflammation in cardiovascular disease 
[2], diabetes, muscle atrophy [3], and even on the function of the central nervous system 
[4]. One of the well-known diseases in which inflammation was involved in its 
development is inflammatory bowel disease [5]. Inflammatory bowel disease itself is an 
umbrella term that is often used to commonly denote either Crohn’s disease or ulcerative 
colitis. This disease involves the inflammation of the gastrointestinal tract, which can be 
initiated by either genetic or environmental causes, or even both [6]. This disease is 
characterized by diarrhea, the presence of blood in stool, abdominal pain, and weight loss. 
Furthermore, histological analysis of IBD usually shows the formation of crypt abscesses, 
distorted crypt, and loss of crypts, also infiltration of infiltrating immune cells such as 
neutrophils, monocytes, and lymphocytes in the mucosal layer of the intestine [7]. 
Considering that inflammation plays a lot of vital roles in body regulation and well-being, 




Rice bran has been known to contain various bioactive compounds which can 
exert various functional properties such as polysaccharides [8], phytosterols and 
polyphenol [9], and some glycoprotein fractions [10].  On top of that, several studies had 
shown that rice bran also has the capacity as an anti-inflammatory agent [11,12]. However, 
the utilization of rice bran is severely limited, mostly due to its insolubility and 
unbecoming smell. Fermentation was suggested to be able to improve rice bran sensory 
and nutritional quality.  In this study, fermented rice bran (FRB), which has been 
fermented with Aspergillus kawachii and a mixture of lactic acid bacteria was used. A 
previous study has shown that FRB administration has a desirable impact in stroke-prone 
hypertensive (SHRSP) rats, such as improving their blood pressure, lipid profile, and 
glucose metabolism [13]. Its anti-inflammatory capacity was also suggested to be able to 
prevent muscle atrophy in diabetic rats [14]. Furthermore, FRB was described to be able 
to protect mice intestines from dextran sodium sulfate-induced colitis [5]. This protective 
effect was observed to be more prominent in fermented rice bran (FRB) rather than in the 
non-fermented rice bran (RB) group [5]. It was hypothesized that the fermentation process 
might enrich rice bran, increasing its protein and dietary fiber content [5,13]. However, 
which specific component of FRB adds to this protection against intestinal inflammation 
is still unidentified. It is also still unknown whether this anti-inflammatory effect will 
persist when the FRB supplementation was given after colitis had occurred instead of 




This research aims to evaluate the impact of fermented rice bran supplementation as a 
curative agent in a DSS-induced colitis murine model and isolate its anti-inflammatory 
compound in general. In detail, the objectives of this research are described as following: 
 Determining whether FRB supplementation can aid intestinal restoration after DSS-
induced colitis occurred by observing markers of intestinal inflammation and 
intestinal barrier functions.  
 Clarifying FRB effect in ameliorating the onset of intestinal fibrosis as a side effect 
of DSS-induced colitis by assessing intestinal fibrosis markers.  
 Isolating the bioactive compound which plays a key role in FRB anti-inflammatory 
function by conducting a sequence of fractionation methods and screening the yielded 
fractions for anti-inflammatory function with LPS-activated murine macrophage cells.  
 Describing the pathway by which FRB bioactive compound was able to exert its anti-




Fermented rice bran 
Rice is known as one of the popular choices of staple food in the world. The 
production of milled rice in the world during the period of 2017-2019 averaged 503.7 
million tonnes, with 452.8 million tonnes produced in Asia [15]. Japan produced 10.6 
tonnes of paddy in the same year, and after the milling process, this amount decreased to 
7.07 tonnes [15]. The missing amount is generally known as the by-products of the milling 
process. One of the by-products of the milling process is commonly referred to as rice 
bran. Rice bran itself is well-known to be a product that contains a myriad of bioactive 
compounds, such as polysaccharides [8], phytosterols, and polyphenol [9], and some 
glycoprotein fractions [10]. However, rice bran usage in the food or cosmetic industry is 
quite restricted due to its instability and its unbecoming smell. In 2018, Japan produced 
599,761 tonnes of rice bran [16]. The majority of the produced rice bran was used in rice 
oil production (37.5%), 7% was used as feed for livestock, and 9.5% was used in 
mushroom cultivation [17].  
Fermentation was suggested to be able to enhance rice bran’s nutritional and 
sensory quality. Fermentation of rice bran with Rhizopus oligosporus was found to alter 
the volatile compounds in rice bran, which were mostly formed from lipid oxidation or 
hydrolysis and fatty acids through Rhizopus oligosporus enzymatic activity [18]. Cereal 
fermentation (barley, malt, and oat) with various lactobacilli (Lactobacillus acidophilus, 
Lactiplantibacillus plantarum, Limosilactobacillus reuteri, and Lacticaseibacillus 
paracasei) was also found to modify the volatile compounds of said cereals. The ensued 
volatile compounds profile are unique to the combination of each cereal and lactobacilli 
[19,20]. In this study, dual fermentation of rice bran with Aspergillus kawachii and a 
mixture of Lacticaseibacillus rhamnosus, Levilactobacillus brevis, and Enterococcus 
faecium was used. This fermentation method was found to transform the macronutrients 
content of rice bran and increasing its total phenol content [13]. It was also found to have 
enhanced levels of tryptophan and tryptamine, a microbial metabolite of tryptophan [5]. 
These results suggest that fermentation indeed enhances the nutritional quality of rice 
bran by either improving the availability of its bioactive compounds or inducing the 
presence of microbial metabolites compounds.  
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This uniquely fermented rice bran (FRB) has been extensively researched for its 
health benefit. Oral administration of FRB was capable to reduce blood pressure, improve 
leptin impairment and insulin sensitivity, increase glucose tolerance, as well as adjust the 
SHRSP rat’s lipid profiles [13]. The same FRB was also able to minimize muscle atrophy 
in rats that have received streptozotocin injection to induce a diabetic condition by 
moderating NF-ĸB activation and subsequently attenuating the level of Atrogin-1 and 
MuRF-1 [14]. Another health benefit of FRB supplementation includes preventing the 
devastating effect of DSS-induced colitis by adjusting the population and composition of 
the microbiota ecosystem in the intestine and the microbial secondary metabolites 
compound production, thereby strengthening the integrity of the intestinal barrier and 
reducing DSS-induced pro-inflammatory cytokines production [5].    
Inflammatory bowel disease 
Inflammatory bowel disease (IBD) is a phrase that is often used to define both 
ulcerative colitis (UC) and Crohn’s disease (CD). Stomach pain, diarrhea or loose stool, 
and rectal bleeding are common symptoms of this disease [21]. Pseudopolyps or post-
inflammatory polyps in the intestine are also commonly described in patients suffering 
from IBD. These pseudopolyps may lead to bleeding, which subsequently causes anemia, 
colonic blockade, and enteropathy. Continuous colorectal inflammation also increases the 
risk of dysplasia and cancer [22]. Several genetic factors have been associated with IBD, 
such as polymorphisms in ATG16L1, NOD2, IRGM, and LRRK2 [23]. However, 
environmental factors such as smoking, hygiene, diet, medication, and lifestyle were 
found to have a greater influence over the onset of IBD [23]. 
While IBD prevalence used to be higher in Western societies, the recent upsurge 
in industrialization in East Asia, South America, and West Asia leads to an increase in 
the reported cases of IBD [24]. Globally, IBD has passed three different phases of 
epidemiological stage, the first of which is emergence, followed by acceleration in 
incidence, and the third being compounding prevalence. The stage of emergence is often 
characterized by sporadic reports of cases of IBD. The next stage, acceleration in 
incidence, is a stage where the number of cases steadily increases, while the prevalence 
remains low. In the case of IBD, industrialization and the spread of western diet and 
lifestyle most likely accelerate the global transition into this second stage. Due to the 
nature of IBD, which is a chronic disease with a low rate of death due to its symptoms, 
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patients with IBD have a high chance of survival into old age. Therefore, along with the 
aging population of patients with IBD, the global prevalence of this disease continued to 
increase. Currently, it is forecasted that IBD will again enter a transition period into the 
next stage, the prevalence equilibrium. This fourth stage is a forecasted state in the future 
in which the incidence of IBD is trailed by its mortality, causing the prevalence to stabilize 
or decline. This theory was established after taking into consideration that the population 
of patients with IBD has aged and potentially has shorter life expectancy from age-related 
comorbidities on top of the increased risk of death from IBD. The current and enduring 
COVID-19 global pandemic could also contribute to the increasing death rate of the aging 
population, and potentially causes an early transition into the prevalence equilibrium 
stage [25].  
Japan, as one of the countries in Asia which experienced rapid industrialization 
and westernization after World War II [25,26], has experienced a spike in the reported 
number of IBD cases. In 2005, the frequency of occurrence of UC in Japan was reported 
to be 63.6 cases per 100,000 of the total population, while the prevalence of CD was 21.2 
per 100,000 [27]. In 2014 the prevalence rate of IBD increases to 228.5 per 100,000 [26]. 
Patients with IBD reported higher healthcare provider visits and hospitalization costs [28]. 
Various symptoms of IBD, such as bleeding, pain, and exhaustion also have an impact on 
patients' quality of life, including impairment of their social and interpersonal interactions, 
and can also lead to lower mean annual income and employment [28]. Early treatment to 
prevent further flare-up in the intestine was reported to improve patients’ quality of life. 
However, since the initial symptoms of this disease overlap with other gastrointestinal 
syndromes such as hemorrhoid and irritable bowel syndrome, early diagnosis can be 
difficult [21]. Therefore, while preventive measures are desirable in managing global 
cases of IBD, curative agents which will help in maintaining patients’ intestinal 
homeostasis and promotes recovery are also highly sought after.  
Intestinal fibrosis 
Intestinal fibrosis is often suggested to be a result of prolonged inflammation in 
the intestine. Signs of fibrosis are often described as the excessive development of scar 
tissue in the intestinal wall, followed by distortion of the morphology of intestinal tissue 
and abnormalities in its function [29]. Thickening of the intestinal wall can also cause 
dysfunction in colonic motility, which will cause numerous clinical symptoms such as 
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diarrhea and abdominal discomfort while inflammation is no longer present in the 
intestine [30]. It can also lead to colon shortening and intestinal obstruction, which would 
sometimes require treatments such as medical management with anti-inflammatory 
therapy, endoscopic balloon dilation, metallic removable or biodegradable stents, 
strictureplasty, and surgical resection [30,31]. While intestinal fibrosis cases are more 
common to be reported in patients with CD, it was suggested that fibrosis is also 
prominent in patients with UC [29,30]. 
Fibrosis itself is one of the results of inappropriate recovery from tissue damage; 
in other words, improper wound healing process. Insufficient wound healing process 
often leads to the formation of abscess and fistula, and excessive wound healing 
frequently forms fibrosis [32]. During inflammation, monocytes, macrophages, and 
granulocytes secreted extracellular matrix (ECM) digesting enzymes; elastases, 
collagenases, and matrix metalloproteinases (MMPs). The main function of these 
enzymes at this point is to make it easier for other immune cells to infiltrate the area in 
which inflammation occurred, however, it does also ensued tissue damage such as 
degradation of epithelial cells and extracellular matrix (ECM) in the lamina propria of the 
inflammation site. Moreover, immune cells activity at the site of inflammation produces 
oxidants, for instance, radical hydroxyte produced by leukocytes. These oxidants further 
induce tissue damages which commence the onset of the wound-healing process [32].  
The intestinal wound healing process is roughly constituted of three simultaneous 
phases: cell migration, proliferation, and differentiation. These phases are affected by 
various growth factors, including but not limited to the tumor growth factor (TGF-β), 
insulin-like growth factor (IGF), and platelet-derived growth factor (PDGF). Various 
cytokines, for example, IL-1β, TNF-α, and IL-22 are also known to influence the 
progression rate of wound healing [33–35]. The wound-healing process also requires the 
synchronization of various cell types, such as keratinocytes, fibroblasts, endothelial cells, 
macrophages, and platelets [36]. A type of fibroblasts that express α-smooth-muscle-actin 
(α-SMA) is known as myofibroblasts. This type of cell is also recognized as an important 
factor in the succession of fibrosis development [32]. Myofibroblasts secrete ECM as a 
part of tissue remodeling and thus contribute to the mechanisms of fibrosis [37]. TGF-β, 
along with IL-22 was found to be able to increase the proliferation of myofibroblasts [38]. 
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Additionally, TGF-β also modulates the differentiation and secretion of myofibroblasts 
[39]. 
TGF-β is commonly recognized as a cytokine family which controls broad ranges 
of cells activity such as cell growth, differentiation, and apoptosis. These cytokines are 
also known to modulate the immune system and ECM deposition [40,41]. Several 
isoforms of TGF-β have been recognized, among which is TGF-β1, which is expressed 
in endothelial, hematopoietic, and connective tissue. Another form of this group of 
cytokines, TGF-β2, is found in epithelial and neuronal cells, while TGF-β3 is commonly 
produced in mesenchymal cells [42]. TGF-β is secreted as its inactive form, and upon 
activation, it will bind to its receptors and facilitate its activity in cells. TGF-β will first 
bind to TGF-βRII, and this binding process leads to the phosphorylation of TGF-βRI and 
activation of its downstream pathway. The activated TGF-βRI subsequently 
phosphorylates SMAD2 and SMAD3, which in turn will form a complex with SMAD4, 
translocate to the nucleus and participate in the transcriptional activity of its target genes 
[40,43,44]. This pathway is regulated by another SMAD protein, SMAD7. SMAD7 can 
bind to TGF-βRI and competes with SMAD2/3, preventing the activation of its 
downstream pathway. SMAD7 can also promote the degradation of TGF-βRI and 
interfere with the formation of SMAD2/3 and SMAD4 complexes and also their binding 
to their DNA sites [44]. TGF-β's ability to regulate gene transcription via SMAD is widely 
recognized, however, TGF-β also can regulate the production of fibrosis-related markers 
such as collagens, fibronectin, α-SMA, and MMPs via other pathways. Some examples 
of these pathways are via the MAP kinases, PI3K/AKT, and JAK2/STAT3 pathways. 
These pathways can either interact with SMAD proteins or act independently to regulate 
gene expression [41]. Therefore, regulation of the TGF-β downstream pathway is an 
important part of modulating the onset of fibrosis.  
Dextran sodium sulfate 
Oral administration of dextran sodium sulfate (DSS) to an animal model is 
frequently applied in producing a model of intestinal inflammation which can easily be 
reproduced. The effect of DSS is dependent on several factors, such as the molecular 
weight of DSS, dosage, duration of administration, the strain of animals, sex of animals, 
and microbial environment of animals [45]. For instance, 40 kDa DSS administration in 
mice leads to severe colitis in the middle and lower part of mice colon, while 5 kDa DSS 
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treatment caused a fairly mild inflammation in the cecum and upper colon [46,47]. Acute 
colitis induced by DSS progresses to chronicity in C57BL/6 mice once the DSS treatment 
was stopped, but the same trend was not apparent in BALB/c mice [48]. In comparison 
to the female mice, male mice are decidedly more prone to the effect of DSS, and it was 
suggested that estradiol protected female mice from the devastating effect of DSS [49,50].  
DSS is usually mixed with animal’s drinking water. Once ingested, it was reported 
that DSS forms complexes with medium-chain-length fatty acid in the intestine, and these 
nanometer-sized bodies fused into the intestinal cell membrane, infiltrating the intestinal 
epithelium [6]. DSS administration was suggested to leads to the loss of intestinal 
epithelial integrity due to its ability to increase the level of Ca2+ in cells. The elevated 
level of intracellular Ca2+ induces JNK2 activation and in turn activates c-Src by direct 
phosphorylation of c-Src on threonine residues. The activation of c-Src leads to tyrosine 
phosphorylation of occludin, ZO-1, E-cadherin, and β-catenin, components of the 
intestinal tight junction. Accordingly, this phosphorylation weakens the intestinal barrier 
functions and ignites the intestinal inflammatory signaling cascade [6,51]. This model is 
often said to resemble the symptoms of UC [6,45].  
Several days after DSS is ingested, the level of Tnf-α in the colon rapidly increases 
[52]. The increasing level of Tnf-α was quickly accompanied by mucin depletion. 
Changes in the intestinal environment instigated the erosions of intestinal epithelia and 
set off the infiltration of inflammatory cells. Consequently, the alterations in the intestinal 
mucosa up-regulate other inflammation-inducing cytokines such as IL-1β, IL-6, and IL-
17 in an advanced stage of DSS treatment. The elevated levels of pro-inflammatory 
cytokines often initiate the onset of crypt dysplasia [48,53] and might have been a sign of 
the presence of multiple immune cells such as T helper 17 cells (Th17 cells), regulatory 
T cells (Treg cells), and macrophages, which have infiltrated the site of inflammation 
[48,52,53].  The presence of blood in the feces is apparent several days after DSS is 
ingested and immediately dissipated after DSS removal [48]. Following the removal of 
DSS, intestinal epithelial layer recovery almost immediately begins, which is indicated 
by the decline of the amount of infiltrating inflammatory cells, and the regeneration of 
intestinal crypts. Il-1β, Il-6, and Il-17 levels are continued to be elevated even when DSS 
treatment is stopped [48,53,54]. Diarrhea started at a similar time as when the blood in 
10 
 
stool was noticed, however, unlike the presence of blood in stool, remains weeks after the 
removal of DSS [48,54]. 
After 5 days of DSS 3% treatment, the level of collagen in the mucosa and 
submucosa layer of C57BL/6 mice was reported to increase. The level of collagen 
remained high 28 days after DSS treatment was terminated, and colon stiffness was 
observed as well [48]. The mRNA levels of other fibrosis markers such as TGF-β and α-
SMA, and anti-fibrotic factors such as MMP-2, MMP-9, are also increasing 5 days after 
DSS 3% treatment was stopped [54]. Considering these effects of DSS in the intestine, 
this animal model of IBD is deemed to be useful to investigate wound-healing responses 
and progresses after an acute epithelial injury [55]. Since the effect of DSS persisted after 
the treatment itself was stopped, and in some strains progresses towards chronic 
inflammation, this model also offers a unique opportunity to compare the difference 
between the recovery process from acute and chronic inflammation [48,55].   
Aryl hydrocarbon receptor 
Aryl hydrocarbon receptor (AHR) is a ligand-dependent transcription factor 
commonly known as a sensing factor for environmental contaminants such as 2,3,7,8-
tetrachlorodibenzo-p-dioxin (TCDD) and polycyclic aromatic hydrocarbons [56]. 
Without ligand, AHR exists in the cytoplasm as an inactive complex with its chaperone 
protein Hsp90 and its co-chaperone ARA9 and p23 [57]. Binding to ligand changes the 
conformation of AHR and causes it to free itself from the inactive complex and translocate 
to the nucleus. In the nucleus, AHR will then forms a heterodimer with its nuclear 
translocator (AHRNT) and induced its target gene expression. Commonly known AHR 
target genes include CYP1A1, CYP1A2, and CYP1B1, which are involved in the 
xenobiotics detoxifications process [56]. 
While canonically AHR has been known to plays an important role in xenobiotics 
sensing and detoxification process, recent development also discovers that AHR acts in 
other physiological processes and signaling mechanisms. For instance, AHR was shown 
to be able to modulate the body's energy homeostasis, playing an important role in adipose 
tissues thermogenesis process and regulates energy expenditure in skeletal muscle [58]. 
AHR is also famously able to modulate the immune system and moderate the host-
microbiota communication [59,60]. In the gastrointestinal system, AHR has been known 
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to be essential for innate lymphoid cells (ILC) 22 development. ILC22 is important in the 
secretion of IL-22, which in turn is responsible for maintaining intestinal homeostasis and 
protection against intestinal bacterial infections [61]. AHR inhibits the functions of ILC2 
and enhances the activity of ILC3 instead, regulating the ILC2-ILC3 balance. Since ILC2 
is necessary for anti-helminth immunity and ILC3 is a mediator of anti-bacterial 
immunity, regulating the balance between these two subsets of ILC may be required to 
maintain appropriate immunity against various pathogens [62]. Furthermore, AHR was 
also suggested to maintain the balance between Th17 cells and Tregs cells, regulating the 
intestinal immune response to PAMP [63,64]. AHR can also interact with NFĸB subunits 
RelA or RelB and regulates its gene transcription, such as IL-1β, IL-6, or TNF-α [65]. 
Another important function of AHR is to serve as a moderator of host-microbiota 
communication. Bacterial metabolites of tryptophan, such as indole, indole-3 acetic acid, 
and tryptamine have been identified as AHR ligands [60]. These bacterial secondary 
metabolites are important in maintaining intestinal homeostasis. One of the examples 
which illustrate the importance of this relationship was given by Lamas et al. [66]. 
CARD9, one of the genes which are often quoted with susceptibility to the onset of 
inflammatory bowel disease, was found to be able in maintaining a certain balance of the 
intestinal microbial population. The microbiota from Card9-/- mice was not able to 
produce AHR ligands from tryptophan, in turn affecting the production of IL-22. 
Microbiota-derived indole metabolites have also been reported to modulate the 
inflammatory reaction of intestinal epithelial cells through AHR-mediated regulation of 
IL-10R [67].  
Tryptamine 
Tryptamine is one of the microbial metabolites of tryptophan. This compound is 
produced by the activity of tryptophan decarboxylase, an enzyme that is produced by 
some gut bacteria species. Williams et al. [68], summarized that at least 10% of the human 
population is a host to at least one bacteria species that can produce tryptophan 
decarboxylase, enabling them to produce tryptamine in the gut from leftover tryptophan. 
Some of the bacteria which are capable of producing this enzyme are Clostridium 
sporogenes ATCC 15579, Ruminococcus gnavus, Xenorhabdus nematophilus, Bacillus 
atrophaeus, and Lactobacillus bulgaricus [68]. Tryptamine presence in the gut is known 
to increases colonic ion and fluid secretion [68,69]. The effect of tryptamine on gut 
12 
 
motility was reported to be mediated by a serotonin receptor, 5-hydroxytryptamine 4 
receptor (5-HT4R), which in turn increases the cAMP level and promotes fluid secretion 
[69]. Tryptamine availability in the colon might be able to regulate the colon motility and 
in turn, affect the transit time of food particles and bacterial cells through the lumen 
[68,69].   
Other than the serotonin receptor 5-HT4R, tryptamine is also known as a ligand 
for AHR. Tryptamine was reported to be able to attenuate the immune system in a mice 
model of multiple sclerosis via the activation of AHR. Intraperitoneal administration of 
12.5 mg/kg tryptamine every 48 h for 12 days was able to increase the level of secreted 
Il-10 and conversely reduced the amount of secreted Il-17. Tryptamine administration 
also reduces the number of CD4+ T cells, Th17 cells, and RORγ T cells which infiltrate 
the central nervous system. In contrast, the amount of Foxp3+ Tregs cells was found to be 
increased [70]. High-fat diet was found to decrease the level of tryptamine in mice liver 
and caecum. This alteration was suggested to happen due to the changes in microbial 
population composition, especially the ratio of Firmicutes to Bacteroidetes, in mice 
intestine after a high-fat diet was administered. Conversely, tryptamine treatment can 
reduce the Il-1β level in macrophages which has been activated by exposure to palmitic 
acid and lipopolysaccharide (LPS). Tryptamine exposure did not change the level of 
MCP-1, a cytokine that promotes macrophage infiltration in the liver, however, it did stop 
macrophages migration toward MCP-1 [71].  
Since tryptamine is a microbial product of tryptophan, it is widely detected in 
various fermented food such as cheese, wine, fermented sausages, and fermented fish 
sauces [72,73]. It is important to note that while tryptamine might have some beneficial 
effects, as has been illustrated in the previous examples, its toxicity is also well recorded. 
Tryptamine, as well as some other biogenic amines such as tyramine and 
phenylethylamine, may have vasoconstrictive effects, which may eventually lead to 
hypertension, headache, perspiration, vomiting, and pupil dilation after ingestion. The 
effect of tryptamine consumption can appear anywhere within 30 minutes until a few 
hours, and the effect usually disappears within 24 hours [74]. Despite these findings, 
studies on the effect of tryptamine ingestion are still very limited, and further study needs 
to be conducted to fully understand the effect of tryptamine in the body. 
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CHAPTER 1.  
Fermented rice bran supplementation aided in intestinal restoration and prevented 
intestinal fibrosis post-DSS-induced inflammation. 
Introduction 
Previous research investigated the impact of FRB supplementation in preventing the 
initiation of DSS-induced inflammation. It was suggested that this effect was at least partially 
due to FRB’s prebiotic capacity in the intestine [5]. However, colitis is commonly accompanied 
by the alterations of the population and composition of the intestinal microbiota ecosystem [75]. 
Since the ecosystem of the intestinal microbiota and their produced metabolites themselves 
were shown to alter intestinal defense mechanisms against mucosal inflammation [75], 
supplementation of FRB as a therapeutic agent, instead of preventive treatment, possibly will 
not serve any beneficial effect in the inflamed intestine. Treatments in IBD are generally aimed 
to prevent an exacerbation of an established inflammation and to retard its progression into an 
irreversible state such as stricture, modified colonic motility, and permeability [76], therefore 
the differences between FRB functions as preventive and therapeutic measures need to be 
explored. In the current study, whether dietary supplementation with FRB can enhance the 
recovery from DSS-induced intestinal colitis in mice was observed. 
Chronic colitis also famously leads to the development of intestinal fibrosis. Signs of 
intestinal fibrosis include the formation of excessive extracellular matrix deposition, which 
comprises components such as collagen, basement membrane proteins, and fibronectin [77]. 
While fibrosis development shares a similar process to a normal wound healing process, 
uncontrolled and wound healing processes can often end in persistent fibrosis in injured tissues. 
Anatomical alterations and loss of tissue function are often cited as the result of advanced 
fibrosis [78]. In a previous study, FRB supplemented diet has been shown to reduce signs of 
intestinal inflammation, and thus, ingestion of the FRB supplemented diet is possibly capable 
to reduce the risk of developing intestinal fibrosis in chronic colitis. Therefore in this research, 
FRB capacity in preventing the onset of intestinal fibrosis after the occurrence of DSS-induced 
chronic inflammation was also evaluated. This chapter contains excerpts from Agista et al. [79].  
Methods 
Animal treatment 
Mice were housed in a pathogen-free environment in approximately 23 ± 3 °C, relative 
humidity 55 ± 10%, and lighting cycle 12 h/d. Mice had free access to diet and drinking water 
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throughout the experiment. The experimental plan of this study was approved by the Animal 
Research-Animal Care Committee of the Graduate School of Agricultural Science, Tohoku 
University. DSS (1.5%, MW > 40 kDa, MP Biomedicals, Solon, OH, USA) was introduced in 
mice (total 56 C57BL/6NJcl female mice, 10-11 weeks old) drinking water for 5 days. 
Immediately after the end of DSS treatment, 8 mice were sacrificed. The remaining mice were 
divided into three groups. Each group was given different types of diet: control diet, 10% RB 
supplemented diet, and 10% FRB supplemented diet. The diet composition is listed in Table 
1.1. Half of the mice population from each group were sacrificed after 2 weeks of continuous 
diet treatment. Eight mice that were left from each group were continued to be fed by the 
experimental diet for another 3 weeks before finally being sacrificed. Throughout the 
experiment period, mice's body weight and disease activity index were recorded. The scoring 
system for the disease activity index is included in Table 1.2. After being sacrificed, the length 
of the spleen and colon were measured. Colon and blood samples were taken from mice and 
analyzed with quantitative reverse transcriptase mediated PCR (qRT-PCR), western blot, 
ELISA, and histological analysis. The design of this study is illustrated in Figure 1.1.  
 
Figure 1.1. Study 1 experiment design 
 
Quantitative reverse transcriptase mediated PCR (qRT-PCR) 
Quantitative reverse transcriptase mediated PCR (qRT-PCR) was performed to analyze 
the mRNA expression in mice colons. Briefly, mRNA from the middle section of mice colon 
was isolated by using ISOGEN (Nippon Gene Co., Tokyo, Japan), and purification was 
completed by using a series of ethanol solutions. RNA purification was further continued by 
using the RNeasy mini kit (QIAGEN GmbH, Hilden, Germany) per the manufacturer's 
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instruction. The isolated RNA was then mixed with 5 μM oligo-dT primer (Hokkaido System 
Science Co., Sapporo, Japan) and 1 mM dNTP (GE Healthcare, Tokyo, Japan) for 5 mins at 
65°C. The next stage, reverse transcription, was performed by mixing the previous aliquot with 
RT buffer (50mM Tris-HCl (pH 8.3), 75 mM KCl, 3 mM MgCl2, and 5 mM dithiothreitol) 
which has been supplemented with 50 U SuperScript III reverse transcriptase (Invitrogen, 
Carlsbad, CA, USA) and 20 U RNaseOUT RNase inhibitor (Invitrogen, Carlsbad, CA, USA), 
and incubated at 50°C for 60 mins. The product from the reverse transcription process was 
evaluated with a qRT-PCR method using the Bio-Rad CFX Connect (Hercules, CA, USA). 
Primers (Table 3) and SYBR Green premix ExTaq (Takara Bio, Otsu, Japan) were introduced 
to the cDNA aliquot to amplify the target DNAs. The data resulted from this analysis were 
normalized to the levels of eukaryotic elongation factor 1-alpha 1 (Eef1a1). Table 1.3. 
displayed the list of all the primers which were used in this study.  
Western blot 
Upper sections of colon samples were homogenized in a mixture of phosphate-
buffered saline, a protease inhibitor (Complete protease inhibitor cocktail; Roche Applied 
Science, Mannheim, Germany), and a phosphatase inhibitor cocktail (PhosSTOP phosphatase 
inhibitor cocktail, Roche Applied Science). The homogenized samples were centrifuged at 
13,000 rpm, 4 °C, for 10 mins. The aqueous part from the suspensions was separated and their 
protein concentration was measured with the Lowry method on 750 nm. Protein electrophoresis 
was then performed on 12.5% sodium dodecyl sulfate gels. The electrophorized proteins were 
later transferred onto the Immobilon-P membrane (Millipore, Billerica, MA, USA). Next, the 
protein-containing membrane was soaked in a blocking buffer, which is a mixture of 5% bovine 
serum albumin and TBS-T buffer (10 mM Tris-HCl (pH 7.4), 150 mM NaCl, and 0.1% Tween 
20) for 1 h with gentle agitation. After an hour has passed, the membrane was then washed 
with TBS-T buffer and incubated with primary antibodies overnight at 4 °C. The antibody for 
phosphorylated SMAD 2/3 was mixed in Can Get Signal Immunoreaction Enhancer Solution 
(Toyobo Co., Ltd., Osaka, Japan). The antibody for SMAD 2/3, on the other hand, was diluted 
in blocking buffer. The combination of immobilon western detection reagent (Millipore) with 
a luminescent image analyzer (LAS-4000 mini; Fujifilm, Tokyo, Japan) was used to detect the 
protein which reacted with the primary antibodies. Alpha-tubulin was used to normalize the 
protein levels. Pierce ECL Western Blotting Substrate (Thermo Scientific, Rockford, USA) 




Serum IL-6 level and colon TGF-β1 level were evaluated with mouse enzyme-linked 
immunosorbent assay (ELISA) kits (R&D Inc., Minneapolis, MN, USA). Samples were 
evaluated according to the manufacturer’s instructions.  
Histological analysis 
Lower colon tissues were submerged in 10% formalin solution to fixate the tissue and 
dehydrated with a succession of ethanol solutions. The processed tissue samples were 
embedded in paraffin, cut into sections with 4 μm thickness, mounted on a glass slide, and 
dried. Before staining, the sections were submerged in a series of xylene to dissolve their 
paraffin content and the remaining tissue sections were rehydrated with a succession of alcohol 
solutions. Two staining methods were used, namely hematoxylin and eosin staining (H&E) and 
Heidenhain’s azan trichrome staining. Four optical fields were evaluated from each slide. H&E 
staining was scored according to the degree of severity of several inflammatory markers, i.e. 
epithelial loss, crypt cell damage, and infiltration of inflammatory cells in the mucosa. The 
score ranges from 0 to 4, with 0: no signs of damage, 1: mild, 2: moderate; 3: severe, and 4: 
massive damage in the tissue. Heidenhain’s azan trichrome staining was scored for fibrosis 
with ImageJ, utilizing the Azan-Mallory plugin. The threshold for each color was set as 
follows: color 1, 110; color 2, 200; color 3, 200.  
Statistical analysis 
The data in this research are expressed as the mean ± standard error (SE). One-way 
analysis of variance (ANOVA) followed by Tukey’s or Dunnett’s post hoc analysis was used 
to evaluate differences between groups. Bodyweight reduction and DAI score were analyzed 
by repeated measurement ANOVA (RM ANOVA). Evaluation of the histological analysis 
scores was conducted using one-way ANOVA and Tukey-Kramer post hoc analysis. Groups 
were assumed to be significantly different at the levels indicated on each figure. SigmaPlot 
software version 12.5 was used to conduct all of the statistical evaluations in this study (San 














tert-Butylhydroquinone 0.008 0.0072 0.0072 
ʟ-Cystine 1.8 1.62 1.62 
Choline bitartrate 2.5 2.25 2.25 
Vitamin mixture 10 9 9 
Mineral mixture 35 31.5 31.5 
Soybean oil 40 36 36 
Cellulose 50 45 45 
Sucrose 100 90 90 
Casein 140 126 126 
Cornstarch 620.7 558.6228 558.6228 
Rice bran - 100 - 
Fermented rice bran - - 100 
Total 1000 1000 1000 
 
 
Table 1.2. Disease activity score (cited from Agista et al. [79]) 
Score Diarrheal score Bloody stool score 
0 Normal stool Normal colored stool 
1 Mildly soft stool Brown stool 
2 Very soft stool Reddish stool 
3 Watery stool Bloody stool 
Result 1.1. General observation of colitis 
Bodyweight loss, diarrhea, presence of blood in feces, enlargement of the spleen, 
and colon shortening are known to be symptoms of DSS-induced colitis. No significant 
difference was observed among the weight gain of the three groups, however, the disease 
activity index, which was scored based on the symptoms of diarrhea and the fecal blood, 
was found to decline earlier in the FRB group in comparison to the other groups (Figure 
1.2.A). FRB supplementation for 5 weeks decreased the length of the spleen, furthermore, 
both RB and FRB supplementation for 5 weeks prevented colon shortening (Figure 1.2.B 
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& C). Histological analysis of the colon section with hematoxylin and eosin staining 
(Figure 1.3.) illustrated the progression of intestinal colitis after inflammation was 
induced by DSS and weeks after DSS treatment was terminated. FRB supplemented diet 
was able to decrease the epithelial cell damage, crypt damage, and infiltration of 
inflammatory cells into the colon tissue.  
 
Figure 1.2. Fermented rice bran (FRB) and rice bran (RB) supplementation assisted in faster 
recovery after dextran sodium sulfate (DSS) administration. Bodyweight reduction and disease 
activity index (DAI) were observed in the control, RB, and FRB groups, for 40 days (A). Spleen 
(B) and colon lengths (C) were measured 2 and 5 weeks after the diet treatment started. 
Bodyweight loss and DAI scores are presented as the mean values, with error bars representing 
the standard errors, and the data were analyzed via repeated measurement ANOVA and evaluated 
against the control group, n= 8, Dunnett’s analysis, *p<0.05. Spleen and colon length were 
evaluated via Tukey’s analysis. The values marked with different letters (a, b) were significantly 
different at p<0.05. Figure and its explanation were cited from Agista et al. [79]. 
Result 1.2. RB and FRB supplementation regulates the levels of both pro-
inflammatory and anti-inflammatory cytokine in mice colon 
The increasing levels of pro-inflammatory cytokines are also often referred to as 
the result of DSS administration. Here, we have shown that the mRNA levels of Il-1β, 
Tnf-α, Il-6, and Cxcl2 were declined 5 weeks after DSS was removed (Figure 1.4.A, B, C 
& E). However, 2 weeks of FRB supplementation managed to hasten the decrease of these 
cytokines (Figure 1.4.A, B, C, & E). Two weeks of FRB supplementation also decreased 
the level of iNos (Figure 1.4. D). In contrast, the mRNA level of IĸBα, an inhibitor of 
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NFĸB activation, and Il-10, an anti-inflammatory cytokine, was found to be on their 
highest level right after the DSS treatment ended. Their level continued to decline 5 weeks 
after the end of DSS administration, however, 10% of dietary FRB was found to maintain 
the mRNA expression of these cytokines. After 5 weeks of diet treatment, the mRNA 
levels of IĸBα and Il-10 were found to be higher in the FRB group in comparison to the 
control group (Figure 1.5.A & B). It is important to note that while Il-6 is well-known for 
being a pro-inflammatory cytokine, its presence in the intestine also contributes to 
intestinal mucosal healing [80]. In this study, FRB supplementation was found to reduce 
the level of Il-6 in mice serum only after 5 weeks of supplementation (Figure 1.5.C).  
 
Figure 1.3. Histological sections of intestines of mice. Representative colon sections from mice 
after the dextran sodium sulfate (DSS) administration. (A), 2 weeks after control diet (B), RB 
supplemented diet (C), and FRB supplemented diet treatment (D), also 5 weeks after control diet 
(E), RB supplemented diet (F), and FRB supplemented diet (G) which has been stained with 
hematoxylin and eosin were displayed. The sections were scored from 0–4 based on the signs of 
epithelial cell damage, crypt damage, and infiltration of inflammatory cells (H), with 0 being no 
signs of damage and 4 indicating massive damage. Data are presented as the mean values, with 
error bars representing the standard errors, and the data were evaluated against the control group, 
n=7–8, Tukey-Kramer analysis. The values marked with different letters (a, b) were significantly 
different at p<0.05. FRB, fermented rice bran; RB, rice bran. Figure and its explanation were cited 
from Agista et al. [79]. 
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Result 1.3. FRB supplementation assisted the recovery of intestinal barrier function 
The mRNA level of Clad4, a component of the intestinal tight junction, was 
enhanced after 5 weeks of FRB supplementation (Figure 1.6.A). FRB group was also 
showing a drop in the mRNA level of Il-17, an important mediator in the pathogenesis of 
colitis while maintaining the level of Il-22 after 2 weeks of supplementation (Figure 1.6.B 
&C). The same diet treatment similarly maintained the mRNA levels of antimicrobial 
peptides Reg3γ and Lcn2, but only slightly affected the expression of both Muc3 and 
Muc4 (Figure 1.6.D-G).   
Result 1.4. FRB supplementation reduced markers of intestinal fibrosis  
Collagen deposition was enhanced post-DSS administration in the large intestine, 
which is represented in the blue-stained area on a colon section that has been stained by 
Heidenhain’s azan trichrome staining (Figure 1.7). The percentage of the blue-stained 
area (a marker of collagen presence in tissue) in comparison to the whole tissue area was 
found to be decreased in the FRB group. Here, we showed that FRB supplementation 
lowered the mRNA levels of Col1a1 and Col1a2 (Figure 1.8.A & B). Two weeks of 
dietary RB supplementation also augmented the mRNA level of Mmp2, one of the matrix 
metalloproteinases, while the mRNA level of Mmp3 was increased by both RB and FRB 
supplementation (Figure 1.8.C & D). Matrix metalloproteinases digest extracellular 
matrix and regulate their presence in tissues, therefore the modulation of these enzymes 
may inhibit the development of fibrosis. Smad2/3, a downstream signaling target of TGF-
β, is also known to regulate collagen production in the intestine. The protein level of Smad 
2/3 was reduced after 2 and 5 weeks of FRB supplementation (Figure 1.9.A).  The mRNA 
level of Smad7, an inhibitor of Smad2/3, after 2 weeks of FRB supplementation was also 
observed to be slightly decreased (Figure 1.9.B). However, no significant difference was 
observed in the level of Tgf-β1 (Figure 1.9.C) throughout the study. The level of TGF-β1 
(Figure 1.9.D) was found to be marginally increased 2 weeks after DSS treatment was 
stopped, and rapidly decreased 3 weeks after. There was no significant difference caused 
by any of the diet treatments.  
Discussion  
Therapeutic dietary supplementation of FRB was able to lower the markers of 
intestinal colitis in DSS-treated mice, as can be seen from its capacity in reducing mice 
intestinal pro-inflammatory cytokines and chemokine mRNA expressions such as Il-1β, 
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Tnf-α, Il-6, and Cxcl2 (Figure 1.4. A, B, C, & E). When FRB was given as a 
preventive/protective agent to DSS-induced inflammation, it was able to reduce the 
mRNA level of these cytokines and chemokine [5]. This result showed that FRB anti-
inflammatory activity was not limited only as a preventive agent, but also as a recovery 
booster to the intestinal inflammation model. Furthermore, FRB was likewise able to 
promote the recovery of epithelial structure post-DSS-induced inflammation (Figure 1.3), 
lower the expression of Il-17, and increase the level of Clad4 (Figure 1.6.A and B). These 
alterations, which were also observed by Islam et al. (2017),  suggested that FRB was 
potentially able to modulate intestinal response to DSS-induced inflammation by 
regulating the intestinal epithelial barrier function and homeostasis. 
In addition, FRB was found to increase the level of Il-10 (Figure 1.5.B) and Il-22 
(Figure 1.6.C), both of which are also important factors in maintaining the intestinal 
epithelial barrier integrity. Il-10 is known to have immunosuppressive functions, reducing 
tissue damage caused by excess and uncontrolled inflammatory effector responses and 
maintaining homeostasis to gut microbes. Meanwhile, Il-22 plays a huge role in tissue 
epithelial cells to protect barrier integrity and tissue homeostasis by promoting 
proliferation, remodeling, and tissue reparation, and in turn, control the invasion of 
extracellular pathogens [81]. Considering this, it is possible that FRB was able to bridge 
and hasten the process between the innate inflammatory response to DSS and the tissue 
reparation stage after DSS was removed, stimulating the wound healing process.  
An inappropriate wound healing process might lead to the development of fibrosis 
[32], and from the result from chapter 1, FRB supplementation is seemingly able to 
prevent intestinal fibrosis onset. This beneficial effect of FRB supplementation was 
marked by lower collagen deposition compared to the control group (Figure 1.7 and 
Figure 1.8.A & B). FRB supplementation reduced the protein level of Smad2/3 (Figure 
1.9.A), and therefore we suggest that the anti-fibrotic function of FRB may have been the 
result of the suppression of both the canonical and non-canonical signaling pathways of 
Tgf-β. While this study showed that FRB and RB supplementation did not cause any 
differences in the levels of Tgf-β1 (Figure 1.9.C & D), FRB supplementation might have 
affected Tgf-β1 activation from its latent complex. It is also possible that FRB 
supplementation leads to the changes of other cytokines in the colon which interact with 
Tgf-β and its downstream pathway, resulting in a variance of Smad2/3 activation. For 
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example, FRB supplementation maintained the level of Il-22 (Figure 1.6.C), which is 
known to work in tandem with Tgf-β, increasing the proliferation of myofibroblasts, and 
regulating its production of collagen [38]. Il-6 and Il-10, which levels were also altered 
by FRB supplementation (Figure 1.4.C & 1.5.B), are part of the STAT3-IL-10-IL-6 axis, 
and their activity includes the regulation of Timp-2 and Mmp2 [82]. Thus, regulation of 
both of these cytokines might leads to collagen accumulation and degradation, an 
important factor in fibrosis development. 
While it is still unclear which of FRB bioactive compounds plays a dominant role 
in FRB anti-inflammatory and anti-fibrosis activities, probiotic-derived compounds, often 
mentioned as postbiotics, might have contributed to maintaining intestinal homeostasis. 
Islam et al. [5], observed that the presence of tryptamine, a microbial metabolite of 
tryptophan, is highly increased in rice bran after the dual fermentation process was applied 
to non-fermented rice bran. Tryptamine, a ligand for the aryl hydrocarbon receptor (AHR), 
is also known as one of the secondary metabolites of gut microbiota [83]. It is possible 
that the presence of tryptophan metabolites and other probiotic-derived compounds play 
a synergistic role with other bioactive compounds in FRB in attenuating the symptoms of 




Figure 1.4. Fermented rice bran (FRB) and rice bran (RB) supplementation reduced the mRNA 
expression of pro-inflammatory cytokines and chemokines in mice intestines. The level of Il-1β 
(A), Tnf-α (B), Il-6 (C), iNos (D), and Cxcl2 (E) throughout the study period and after 2 and 5 
weeks of diet treatment are presented. Data are shown as the mean values, with error bars 
representing standard errors, n=6. The data were evaluated against the dextran sodium sulfate 
(DSS) treatment group in the overall analysis (Dunnett’s analysis, *p<0.05). For the values 
reported for 2 and 5 weeks, the data were compared against each other [Tukey’s analysis, the 
values marked with different letters (a, b) were significantly different at p<0.05]. Figure and its 




Figure 1.5. Fermented rice bran (FRB) and rice bran (RB) supplementation increased the mRNA 
levels of anti-inflammatory cytokines in mice intestines and the levels of pro-inflammatory 
proteins in serum. The levels of Il-10 (A) and Iκbα (B) throughout the study period and at 2 and 
5 weeks after diet treatment are presented. The il-6 protein level in mice sera was also measured 
(C). Data are shown as the mean values, with error bars representing standard errors, n= 6. The 
data were evaluated against the dextran sodium sulfate (DSS)-administered group in the overall 
mRNA levels analyses (Dunnett’s analysis, *p<0.05). For values reported at 2 and 5 weeks, the 
data were compared against each other [Tukey’s analysis, the values marked with different letters 
(a, b) were significantly different at p<0.05]. For the serum Il-6 level values, the data were 
compared against each other [Tukey’s analysis, the values marked with different letters (a, b, c) 





Figure 1.6. Fermented rice bran (FRB) and rice bran (RB) supplementation regulated intestinal 
barrier function. FRB improved the levels of intestinal barrier markers Clad4 (A), Il-17 (B), and 
Il-22 (C). The mRNA levels of antibacterial peptides Muc3 (D), Muc4 (E), Reg3γ (F), and Lcn2 
(G) throughout the study period were presented. Data are shown as the mean values, with error 
bars representing standard errors, n= 6. The data were evaluated against the dextran sodium sulfate 
(DSS)-administered group in the overall analysis (Dunnett’s analysis, *p<0.05). For values 
reported at 2 and 5 weeks, the data were compared against each other [Tukey’s analysis, the values 
marked with different letters (a, b) were significantly different at p<0.05]. Figure and its 




Figure 1.7. Fermented rice bran (FRB) supplementation reduced collagen deposition in mice 
colons. The representative colon sections that have been stained with Heidenhain’s azan 
trichrome staining are presented: after DSS treatment was stopped (A), 2 weeks after control diet 
(B), RB supplemented diet (C), and FRB supplemented diet (D) administration, as well as 5 weeks 
after control diet (E), RB supplemented diet (F), and FRB supplemented diet (G) treatment. The 
collagen-positive area was analyzed against the total stained area (H). Data are shown as the mean 
values, with error bars representing standard errors, n=7-8. The data were evaluated against the 
dextran sodium sulfate (DSS)-administered group in the overall analysis [Tukey-Kramer analysis, 
the values marked with different letters (a, b) were significantly different at p<0.05]. Figure and 




Figure 1.8. Fermented rice bran (FRB) supplementation reduced markers of intestinal fibrosis. 
The levels of Col1a1 (A), Col1a2 (B), Mmp2 (C), and Mmp3 (D) throughout the study period and 
at 2 and 5 weeks after diet treatment are shown. Data are presented as the mean values, with error 
bars representing the standard errors, n=6. The data were evaluated against the dextran sodium 
sulfate (DSS)-administered group, in the overall analysis (Dunnett’s analysis, *p<0.05). For 
values reported at 2 and 5 weeks, the data were compared against each other [Tukey’s analysis, 
the values marked with different letters (a, b) were significantly different at p<0.05]. Figure and 




Figure 1.9. Fermented rice bran (FRB) supplementation reduces the risk of intestinal fibrosis. The 
levels of Smad2/3 proteins and their phosphorylated forms were measured at 2 and 5 weeks of 
diet treatment (A). The mRNA level of Smad7, an inhibitor of Smad2/3 (B), and mRNA level (C), 
along with protein level of Tgf-β1 (D), were also measured. Data are presented as the mean values, 
with error bars representing the standard errors (n=5 for western blot analysis, n=6 for mRNA 
and ELISA analysis). Protein levels were evaluated with Tukey’s analysis, the values marked 
with different letters (a, b) were significantly different at p<0.05. The mRNA levels were 
evaluated against the dextran sodium sulfate (DSS)-administered group, in the overall analysis, 
and against the control group, for the 2- and 5-week report (Dunnett’s analysis, *p<0.05). Figure 
and its explanation were cited from Agista et al. [79].
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Table 1.3. List of nucleotide sequences using qRT-PCR (cited from Agista et al. [79]). 
Gene name Forward primer Reverse primer 
Eukaryotic translation elongation 
factor 1 alpha 1 (Eef1a1) 
GATGGCCCCAAATTCTTGAAG GGACCATGTCAACAATGGCAG 
Interleukin-1β (Il-1β) CTGTGTCTTTCCCGTGGACC CAGCTCATATGGGTCCGACA 
Tumor necrosis factor α (Tnf-α) GACGTGGAACTGGCAGAAGAG TCTGGAAGCCCCCCATCT 
Interleukin-6 (Il-6) AGAGGAGACTTCACAGAGGATACCA AATCAGAATTGCCATTGCACAAC 
Inducible nitric oxide synthase (iNos) CAGGTGCACACAGGCTACT GAGCACGCTGAGTACCTCATT 
Chemokine (C-X-C motif) ligand 2 
(Cxcl 2) 
CCAACCACCAGGCTACAGG GCGTCACACTCAAGCTCTG 
Nuclear factor of kappa light 
polypeptide gene enhancer in B-cells 
inhibitor, alpha (Iĸbα) 
CTTGGGTGCTGATGTCAATG ACCAGGTCAGGATTTTGCAG 
Interleukin-10 (Il-10) TGAATTCCCTGGGTGAGAAGCTGA TGGCCTTGTAGACACCTTGGTCTT 
Claudin 4 (Cldn-4) CCTCTGGATGAACTGCGTGGTG GTCGCGGATGACGTTGTGAG 
Interleukin-17 (Il-17) CTCCAGAAGGCCCTCAGACTAC GCTTTCCCTCCGCATTG ACACAG 
Interleukin-22 (Il-22) GGAGACAGTGAAAAAGCTTG AGCTTCTTCTCGCTCAGACG 
Mucin 3 (Muc3) CGTGGTCAACTGCGAGAATGG CGGCTCTATCTCTACGCTCTCC 
Mucin 4 (Muc4) CAGCAGCCAGTGGGGACAG CTCAGACACAGCCAGGGAACTC 
Regenerating islet-derived protein 3 
gamma (Reg3γ) 
TTCCTGTCCTCCATGATCAAAA CATCCACCTCTGTTGGGTTCA 
Lipocalin 2 (Lcn2) AATGTCACCTCCATCCTGGT CCCTGGAGCTTGGAACAAAT 
Transforming growth factor β1 (Tgf-
β1) 
TAAAGAGGTCACCCGCGTGCTAAT ACTGCTTCCCGAATGTCTGACGTA 
Mothers against decapentaplegic 
homolog 7 (Smad7) 
GTGTTGCTGTGAATCTTACGGG CATTGGGTATCTGGAGTAAGGAG 
Collagen, type I, alpha 1 (Col1a1) ATCAGCTGGAGTTTCCGTGC GGACCCATTGGACCTGAACC 
Collagen, type I, alpha 2 (Col1a2) ATCCGGTAACAAGGGTGAGC GAACCAGGGCTGCCTCTAAG 
Matrix metalloproteinase-2 (Mmp2) CCTGTTCAACGGTCGGGAAT GGTAAACAAGGCTTCATGGGG 
Matrix metalloproteinase-3 (Mmp3) CACTCCCTGGGACTCTACCA GGGAGTTCCATAGAGGGACTG 
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CHAPTER 2.  
Investigation of the mechanism of action of fermented rice bran anti-inflammatory 
compounds. 
Introduction 
FRB has been shown to have a prominent anti-inflammatory effect, as can be seen 
in its capacity to ameliorate muscle atrophy in rats that have received streptozotocin 
injection to emulate diabetic condition [14], also in its ability to act as both preventive 
and curative agents to DSS-induced colitis models [5,79]. However, the bioactive 
compound which plays a key role in this anti-inflammatory effect is still not known. Rice 
bran itself is known as a rich source of bioactive compounds such as polysaccharides [8], 
phytosterols, and polyphenols [9], and some glycoprotein fractions [10]. It has been 
suggested that the fermentation process enriched the nutritional quality of rice bran. In 
previous studies, FRB total phenolic content, dietary fiber, tryptophan, and tryptophan 
microbial metabolites have been pointed out as some of the possible candidates of the key 
component of FRB anti-inflammatory compounds [5,13]. This study was conducted to 
screen the key component in FRB which potentially plays an important role in its anti-
inflammatory function.  
Methods 
Separation and screening method of FRB fractions 
FRB was separated into different fractions via a succession of various separation 
methods. First, FRB was extracted with three different solvents, namely hot water (60 °C) 
ethanol 50%, and n-hexane overnight. The different fractions were then screened based 
on their anti-inflammatory activity with RAW 264.7 cells, a murine macrophage cell line. 
Cells were incubated with RB, FRB, or FRB fractions for 24 h and followed by incubation 
with lipopolysaccharide (LPS) for another 3 h. Cells were then harvested and their mRNA 
levels of pro-inflammatory cytokines such as Il-1β, Tnf-α, and Il-6 were analyzed with 
qRT-PCR. Based on the result of the first screening, the hot water fraction of FRB was 
then further separated into several different fractions using Sep Pak® Plus C18 cartridges 
(Waters Co., Milford, MA, USA) with methanol in a descending concentration. The flow 
chart of the fractionation method is provided in Figure 2.1. The resulted fractions were 
then further screened for their anti-inflammatory activity using the same screening 
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method as previously described. Tryptophan and its microbial metabolites such as 
tryptamine, indole-3-acetic acid, and indole content in RB, FRB, and FRB fractions were 
measured using high-performance liquid chromatography (HPLC). Finally, the anti-
inflammatory activity of tryptamine and FRBE fraction was analyzed with intraperitoneal 
macrophages which have been isolated from both wild type and Ahr-/- mice. 
 
Figure 2.1. Experiment design of study 2 
HPLC analysis 
HPLC analysis was conducted with modification from Islam et al. [63].In brief, 
FRB, RB, and FRB fractions were homogenized into 0.2 M perchloric acid (Wako Pure 
Chemical Industries, Osaka, Japan). As an internal standard, 5-OH tryptophan was added 
before homogenization. The homogenized samples were then centrifuged at 13,000 rpm 
for 10 min. After centrifugation, 100 μL of the supernatant were taken from each sample 
and diluted with 10 times 10 mM HCOONH4 (Sigma Aldrich, pH 3.4), which was an 
initial mobile phase in the HPLC analysis. HPLC analysis was conducted using gradient 
eluent which consisted of a gradient mixture of water (Kanto Chemical Co., Tokyo, 
Japan), acetonitrile (Kanto Chemical Co., Tokyo, Japan), and 10% HCOONH4. The 
analysis was performed in an Atlantis C18 column (4.6 x 50 mm, 5 μm, Waters) at 30 °C. 
HPLC flow rate was set to be 1.0 mL/min. The required time to analyze each sample is 
60 min. Fluorescence was used as a method of detection and was measured at the 
wavelengths of 300 nm (excitation) and 355 nm (emission). Peaks were identified by 
matching their retention times to standards. The retention times for standards were 8.37 
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± 0.04, 13.36 ± 0.33, 16.57 ± 0.32, 25.28 ± 0.40, and 34.04 ± 0.53 minutes for 5-OH 
tryptophan, tryptophan, tryptamine, indole-3- acetic acid, and indole, respectively.  
Primary intraperitoneal macrophage isolation and treatment. 
Intraperitoneal macrophage cells were isolated from C57BL/6N, wild-type (WT), 
and Ahr-/- homozygous (Ahr KO) mice. Before being sacrificed, mice were kept in a 
pathogen-free environment at approximately 23 ± 3 °C, relative humidity 55 ± 10%, and 
lighting cycle 12 h/d. Mice were injected intraperitoneally with a 3% thioglycollate 
medium (Nissui Pharmaceutical Company, Tokyo, Japan). The next stage was performed 
within 48-72 hours afterward. Mice were euthanized with cervical dislocation and 
immediately soaked in ethanol for 10 min. CMF-Hanks solution (NaCl 4.0 g, Na2HPO4 
0.024 g, KH2PO4 0.03 g, glucose 0.5 g in 500 mL MilliQ filtered water) was then injected 
intraperitoneally and the mouse stomach was gently massaged. Intraperitoneal 
macrophages were then collected, centrifuged, and washed with CMF-Hanks solution. 
NH4Cl solution was used to lysate the red blood cells, and cells were then washed once 
more with CMF-Hanks solution before being mixed with RPMI 1640 medium (Sigma 
Aldrich). Cells were then plated in the concentration of 1.0 x 106 cells/mL in 10 cm dishes. 
Plates were then incubated at 37 °C, 5% CO2 for 3 h. After 3 h has passed, the medium 
was removed, cells were washed with CMF-Hanks, collected with a scraper, and plated 
in 6 cm dishes. After overnight incubation, the medium was changed with a medium that 
contains either DMSO, FRBE (a fraction of FRB), or tryptamine. Plates were again 
incubated for 24 h before 10 ng/mL LPS was administered to each plate. Finally, cells 
were incubated for another 3 h before they were harvested and the mRNAs were collected. 
Quantitative reverse transcriptase mediated PCR 
Quantitative reverse transcriptase mediated PCR was performed in the same way 
as previously described in this manuscript. The list of primers sequences that were used 
in this study was included in Table 1.3. 
Statistical analysis 
The results of this study are illustrated throughout this manuscript as means ± 
standard error (SE). The differences between groups were evaluated with one-way 
analysis of variance (ANOVA) followed by Tukey-Kramer or Dunnet’s post hoc analysis. 
Two-way ANOVA was used to analyze the intraperitoneal macrophages Il-6 level, 
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followed by Dunnet’s post hoc analysis against the control group and WT group. Groups 
were assumed to be significantly different on the levels indicated in each figure. 
SigmaPlot version 12.5 (San Jose, CA, USA) was used to perform all of the statistical 
analyses in this study. 
Result 2.1. Comparison of RB and FRB anti-inflammatory effect 
In the first stage of this study, a comparison between the anti-inflammatory effect 
of RB and FRB is necessary. Both RB and FRB were found to alleviate the increasing 
expression of Il-1β due to LPS-induced inflammation (Figure 2.2.A & B). RB was not 
able to reduce the mRNA level of Il-6, yet the expression of Il-6 was lowered by FRB 
supplementation (Figure 2.2.C & D). RB and FRB both decreased the mRNA expression 
of iNOS and increased the level of Il-10 (Figure 2.2.E-H).  
Result 2.2. The first stage of FRB extraction: solvent extraction 
Three different solvents were used to extract FRB. FRB extraction generated 
higher amounts of extract than RB. Hot water extract from FRB was found to yield the 
highest amount of extract, followed by 50% ethanol extract and hexane extract (Table 
2.1). RAW 264.7 cells which have been treated by FRBA before LPS activation showed 
lower mRNA levels of Il-1β and Il-6, although it drastically increased the level of Tnf-α 
at the concentration of 500 μg/mL (Figure 2.3.A). In comparison, FRBB treatment 
attenuated the mRNA levels of Il-1β, Tnf-α, and Il-6 (Figure 2.3.B). Treatment with 
FRBC was shown to be able to reduce the mRNA level of Il-1β but did not cause any 





Figure 2.2. Both RB and FRB were found to have anti-inflammatory functions in RAW 264.7 
cells. (A-B) RB and FRB decreased the mRNA level of Il-1β; (C) RB did not change the 
expression of Il-6, while (D) FRB lower the mRNA level of Il-6; (E-F) both RB and FRB reduced 
the mRNA level of iNOS; (G-H) Supplementation of RB and FRB increased Il-10. Data are 
presented as the mean values, with error bars signifying the standard errors, n=3. LPS group was 




Result 2.3. The second stage of FRB extraction: solid-phase extraction 
The second stage of FRB fractionation was conducted with solid-phase extraction 
using the Sep Pak Plus C18 column. Only FRBA, which has the highest yield of extract 
from the previous stage of fractionation, was used in this stage. Most of the compounds 
in the FRBA were rinsed out from the column and henceforth mentioned as the FRBD 
fraction. The second-highest amount of fraction was found in FRBF, which was eluted 
with 30% methanol, followed by FRBE (10% methanol) and FRBG (50% methanol). 
These data are presented in Table 2.2. FRBD treatment did not cause any significant 
differences in the mRNA levels of pro-inflammatory cytokines (Figure 2.4.A). Incubation 
with 50 μg/mL FRBE was found to be able to lower the expression of Il-1β, Tnf-α, and 
Il-6 (Figure 2.4.B). FRBF treatment decreased the mRNA levels of Il-1β and Il-6, 
although a significant change in the expression of Tnf-α (Figure 2.4.C) was not found. 
FRBG was found to increase Il-1β but did not cause any significant changes on both Tnf-
α and Il-6 (Figure 2.4.D). 
Table 2.1 Yield of the first fractionation of RB and FRB. 
Sample origin Solvent Fraction name Yield (%) 
Rice Bran (RB) 
Water 60 °C RBA 9.85 ± 0.63 
Ethanol 50% RBB 6.62 ± 0.08 
Hexane RBC 3.99 ± 0.63 
Fermented Rice 
Bran (FRB) 
Water 60 °C FRBA 31.52 ± 0.06 
Ethanol 50% FRBB 25.13 ± 1.60 
Hexane FRBC 4.99 ± 0.66 
 
Result 2.4. Analysis of tryptophan and tryptophan microbial metabolites content 
from RB, FRB, and FRB fractions 
Low extraction yield from the solid phase extraction, especially in FRBE and 
FRBG fractions, suggested that these fractions are potentially the most purified, 
containing only a few bioactive compounds. Since FRBE and FRBF were the only 
fractions that expressed some anti-inflammatory function, we proceeded to analyze FRBE 
36 
 
bioactive compounds with fluorescence HPLC. We discovered that tryptophan and 
tryptamine can be found abundantly in FRBE. FRBF also contains some tryptophan and 
tryptamine, however, both FRBD and FRBG did not seem to contain either tryptophan or 
tryptamine (Figure 2.5.A). Analysis of the product of the first stage fractionation showed 
that FRBB contains the highest amount of tryptophan, followed by FRBA and FRBC 
fractions. Tryptamine was mostly found in FRBA, although FRBB and FRBC also 
contain some tryptamine. Furthermore, FRBB also contains other tryptophan metabolites, 
e.g. indole 3-acetic acid (IAA), and FRBB and FRBC were found to have some indole, 
another one of tryptophan microbial metabolites (Figure 2.5.B). FRB was found to have 
a significantly higher amount of tryptophan and several of its microbial metabolites, 
namely tryptamine, and indole (Figure 2.5.C). 
Table 2.2. Yield of the second fractionation of FRB 
Solvent Fraction name Yield (%) 
Water FRBD 52.4 ± 0.31 
Methanol 10% FRBE 1.83 ± 0.20 
Methanol 30% FRBF 4.08 ± 0.34 
Methanol 50% FRBG 1.77 ± 0.08 
 
Result 2.5. Tryptophan and its microbial metabolites reduced the level of Il-6 and 
Ahr 
Tryptophan and tryptamine, both of which were found in FRBA and some of its 
downstream fractions, were shown to be able to lower the expression of Il-6 (Figure 2.6.A 
& B). Previously, it was speculated that tryptophan secondary metabolites exerted their 
anti-inflammatory activity in FRB by activating the aryl hydrocarbon receptor (Ahr). 
Here, we have observed that tryptophan and tryptamine treatment reduced the LPS-
induced mRNA expression of Ahr (Figure 2.6.C & D).  
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Result 2.6. FRBE and tryptamine decreased Il-6 level in wild type, but not in Ahr-/- 
intraperitoneal macrophages 
To assess whether FRBE and tryptamine exerted their anti-inflammatory activities 
via Ahr, we isolated intraperitoneal macrophages from WT and Ahr-/- mice. Figure 2.7 
showed the Il-6 production of these intraperitoneal macrophages as a response to LPS-
induced inflammation. The LPS-induced expression of Il-6 was decreased after the 
treatment of both FRBE and tryptamine in WT mice. However, the same effect was not 
observed in Ahr-/- intraperitoneal macrophages. Comparison between the FRBE groups 
showed that the presence of Ahr was important in FRBE function in lowering the 
expression of Il-6. However, comparison within the tryptamine groups showed that the 
reduced Il-6 level due to the tryptamine treatment might not be dependent on the presence 
of Ahr. This result suggests that FRBE anti-inflammatory effect was dependent on the 
activity of Ahr ligands in murine macrophage cells. It is possible that tryptamine was not 
the only ligand in FRBE which was able to activate Ahr and modulates macrophage 
inflammatory reaction to LPS. On another note, it is also possible that tryptamine anti-
inflammatory capacity was not only exerted via Ahr activity, but also other proteins, 
including potential tryptamine receptors.    
Discussion 
Rice bran is a by-product of the rice milling industry which is known to have a 
high content of bioactive compounds. Fermentation process has been shown to enhance 
several health benefits of rice bran [5,13,14,79]. In the current study, both RB and FRB 
were shown to have some anti-inflammatory activity, however, its mechanism appears to 
be different from each other (Figure 2.1). Yield from the extraction process of FRB is 
higher than those from RB, suggesting that the fermentation process did indeed increase 
the nutrient accessibility in rice bran (Table 2.1). Through a series of fractionation stages, 
we hypothesized that tryptophan and its microbial metabolite, tryptamine, might play a 
key role in FRB anti-inflammatory properties.  
Tryptophan metabolites such as indole, indole-3-acetic acid, and tryptamine have 
been demonstrated to act as a ligand for Ahr. Both FRBE and tryptamine treatment were 
able to reduce the LPS-induced Il-6 mRNA level in wild-type (WT) intraperitoneal 
macrophages, but the same effect was not observed in Ahr-/- (Ahr KO) cells (Figure 2.5). 
A statistically significant difference was detected within the FRBE group (comparison 
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between WT and KO cells), but not within the tryptamine group. Therefore, we 
hypothesized that FRBE anti-inflammatory capacity might have been carried through the 
regulation of Ahr activation. However, tryptamine might not be the only component that 
is responsible for FRBE’s function in activating Ahr. Tryptamine might also be able to 
regulate intraperitoneal macrophages' immune response via other means such as serotonin 
receptors or trace-amine receptors.   
Ahr is known to have some immunosuppression activity, and a previous study 
has demonstrated that Ahr deficient mice are highly vulnerable to LPS-induced endotoxin 
shock [84]. Ahr deficient mice had a marked increase in their level of plasma Il-1β and 
Tnf-α levels and a moderate increase in their plasma Il-6 level. It was suggested that Ahr 
deficiency increases the secretion of Il-1β rather than its production. Il-1β secretion was 
suppressed by the activity of plasminogen activator inhibitor-2, which expression was 
regulated by NFĸB. It was indicated that Ahr might have played a role in modulating Il-
1β expression by interacting directly with NFĸB. Ahr involvement with NFĸB is also 
reported by Chen et al. [85]. Ahr overexpression without the presence of ligand increases 
the mRNA level of IL-6 in human lung cells. This study explained that the increase in IL-
6 transpired due to Ahr interaction with NFĸB subunit p65, also known as RelA. In mice 
macrophages, however, Ahr was found to interact with Stat1 and formed a complex 
together with NFĸB subunit p50 [86]. Moreover, Ahr overexpression in murine 
macrophages was discovered to reduce LPS-induced Il-6 production. It was postulated 
that Ahr was able to inhibit the Il-6 transcriptional activity of NFĸB. However, Ahr does 
not affect the NFĸB DNA-binding on the site of the NFĸB Il-6 promoter. This study 
implies that Ahr, together with Stat1, regulates LPS-induced Il-6 production in 
macrophages by inhibiting NFĸB transcriptional activity in its promoter region [86]. The 
same mechanism might explain the LPS-induced Il-6 suppression effect by the treatment 





Figure 2.3. Solvent extraction of FRB resulted in fractions with anti-inflammatory activities in 
RAW 264.7 cells. A) FRBA decreased the mRNA level of Il-1β and Il-6 while increased the level 
of Tnfα; (B) FRBB decreased the expression of Il-1β, Tnfα, and Il-6; (C) FRBC reduced the 
expression of Il-1β but did not have any effect on Tnfα or Il-6. Data are presented as the mean 
values, with error bars signifying the standard errors, n=3. LPS group was used as a control group 




Figure 2.4. Solid-phase fractionation of FRBA resulted in some fractions which have an anti-
inflammatory capacity in RAW 264.7 cells. A) FRBD did not have any effect on the expression 
of Il-1β, Il-6, or Tnfα; (B) FRBE decreased the mRNA level of Il-1β, Il-6, and Tnfα; (C) FRBF 
decreased the expression of Il-1β and Il-6; (D) FRBG treatment increased Il-1β mRNA level of 
LPS-activated RAW 264.7 cells. Data are presented as the mean values, with error bars signifying 
the standard errors, n=3. LPS group was used as a control group in evaluating the other treatments 




Figure 2.5. FRB fractions were found to have various levels of tryptophan, tryptamine, indole-3-
acetic acid, and indole. In the solid phase stage of FRB fractionation, tryptophan and tryptamine 
were only found in FRBE and FRBD (A); (B) Solvent extraction of FRB resulted in three different 
fractions with varying levels of tryptophan and tryptophan metabolites; (C) FRB was found to 
have a significantly higher level of tryptophan, tryptamine, and indole in comparison to RB. Data 
are represented as Mean ± SE, n=3. Significant differences between groups (t-test, p<0.05) were 




Figure 2.6. Tryptophan and its microbial metabolites affected the expression of Il-6 and Ahr in 
RAW 264.7 cells. (A) Tryptophan decreased the mRNA level of Il-6; (B) Tryptamine decreased 
the expression of Il-6; (C-D) Tryptophan and tryptamine lowered the level of Il-6. Data are 
presented as the mean values, with error bars signifying the standard errors, n=3. LPS group was 
used as a control group in evaluating the other treatments (Dunnett’s analysis, *p<0.05). 
 
Figure 2.7. Effect of FRBE and tryptamine treatment on mouse intraperitoneal macrophages. 
FRBE and tryptamine reduced the level of  Il-6 in wild-type mice’s intraperitoneal macrophages, 
but not in Ahr -/- intraperitoneal macrophages. Data are presented as the mean values, with error 
bars signifying the standard errors, n=3. The data were evaluated against the WT LPS group (Two 




Fermentation process altered the amount of Ahr ligands in rice bran, such as 
tryptamine and indole. As has been suggested in the second study, tryptophan, tryptamine, 
and other tryptophan metabolites might have played a key role in FRB anti-inflammatory 
effect, and some of these effects were potentially exerted through these compound’s 
ability to acts as a ligand for Ahr. While the effect of FRB supplementation was not 
directly correlated with Ahr expression in the first study, tryptamine and other Ahr ligands 
in FRB might have still contributed to FRB's ability to boost the recovery process from 
DSS-induced colitis. Likewise, it might have some impacts on how FRB managed to 
hinder the development of intestinal fibrosis on the intestinal recovery process.  
In the first study, 2 weeks of FRB dietary supplementation lowered the mRNA 
level of Il-1β, Tnf-α, Il-6, and conversely, maintained the expression of Il-10. It is possible 
that the mechanism in which this effect was achieved was not limited to the presence of 
Ahr ligands in FRB. However, as has been previously mentioned, Ahr activation was able 
to modulate the secretion of Il-1β [84] and regulate the transcription process of Il-6 [86]. 
Ahr was also able to induce the level of Il-10 in LPS-activated macrophages, possibly via 
Ahr-associated Src activity, which leads to tyrosine phosphorylation of STAT3 and IL-
10 expression by inflammatory macrophages  [86,87]. Ahr also participates in the 
differentiation of regulatory T cells (Treg cells), which produce Il-10 and is critical in 
regulating the immune system tolerance against a perceived threat, preventing the 
immune reaction from turning incontrollable [64]. IL-10 deficient mice, a common model 
of inflammatory bowel disease, are known to develop spontaneous slight inflammation 
in the upper colon and severe colitis in the lower colon [55]. This model highlighted the 
importance of IL-10 in maintaining normal immune homeostasis in the intestine. In both 
mouse and human, while other immune cells are also capable of producing IL-10, it is 
mostly produced by activated macrophages [88]. FRB was able to induce Il-10 in both 
LPS-activated murine macrophage cell line RAW 264.7 cells and DSS-induced colitis 
model.  Therefore, the effect of FRB and Ahr ligands in regulating macrophages' 
expression of IL-10, along with macrophages' role in intestinal recovery post-DSS 




Tgf-β1, along with Ahr activity, was described to be able to induce functional 
Foxp3+ Treg cells [64,89]. Furthermore, Islam et al. [63] have suggested that Ahr 
activation can regulate the balance between Tregs cells and T helper 17 cells (Th17 cells). 
Rampant Th17 cells activity was associated with chronic intestinal inflammation and has 
been linked with its ability to recruit neutrophils and enhancing the productions of pro-
inflammatory cytokines [90,91]. In the first study, a decrease in the level of Il-17 after 2 
and 5 weeks of FRB supplementation was discerned. This result was in line with the 
report from Islam et al. [63], which specifies that Ahr activation was likely able to prevent 
the spike of the Il-17 level in DSS-induced colitis. This result further supports our 
hypothesis, in which Ahr ligands in FRB might have majorly contributed to FRB capacity 
in enhancing the intestinal reparation process after the damage caused by DSS-induced 
colitis has occurred.  
Ahr activity is a necessary factor in innate lymphoid cells (ILC) maintenance, 
survival, and development [92]. These cells produce both Il-22 and Il-17, and the 
development of type 3 ILC, especially, is essential to the amount of secreted Il-22 in the 
gut. Il-22 in turn can suppress the activity of Th17 cells [93]. Therefore, Ahr activity is 
required to suppress the elevated production of Il-17 [93]. Islam et al. [63], have also 
depicted how Ahr was involved in maintaining intestinal homeostasis by regulating Il-22 
production. This alteration is further accompanied by the activation of Stat3, and this 
instigation of the Il-22-Stat3 axis will consequently affect antibacterial proteins in the 
intestinal mucosa, such as Reg3γ. In the current research, we have observed how 2 weeks 
of FRB supplementation maintained the level of Il-22 and Reg3γ after DSS-induced 
colitis has occurred.  
Since Ahr has been stated to be associated with regulating the level of Il-10 and 
Il-22, which are important factors in maintaining the intestinal epithelial barrier integrity, 
it is easy to presume that Ahr also plays a role in the intestinal recovery process, and 
possibly plays some role in the onset of intestinal fibrosis. Ahr has been described as a 
coregulator of the Tgf-β1 canonical pathway and altered Smad2 target gene expression 
[94,95]. Most importantly, perhaps, both Ahr activator and inhibitor were able to alter the 
transcription of Col1a1, Col3a1, and α-SMA in the fibroblasts. In short, Ahr activity was 




 FRB supplementation was able to not only prevent the onset of colitis but also act 
as a curative agent in aiding intestinal restoration after DSS-induced inflammation 
occurred.  
 FRB also reduced the onset of intestinal fibrosis by reducing the collagen 
deposition in the intestine post-inflammation. This effect might have been 
achieved by modulating both canonical and non-canonical pathways of Tgf-β 
signaling.  
 Microbiota-derived compounds in FRB might have contributed to FRB functions 
in maintaining intestinal homeostasis and enhancing intestinal reparation after 
DSS-induced colitis occurred.  
 Through a series of fractionation, tryptamine, which is a tryptophan microbial 
metabolites, and an Ahr ligand, potentially acted as a key anti-inflammatory 
compound in FRB.   
 Ahr activation might have been a factor in FRB anti-inflammatory effect, and also 
in its anti-fibrotic effect.  
 Based on the findings of these studies, FRB is a potential candidate for health 
supplement in maintaining intestinal homeostasis, preventing the progression of 
inflammation, assisting the recovery of intestinal inflammation, and inhibiting the 




This dissertation was completed thanks to the support of many people, and thus I 
would like to take this chance to acknowledge their contributions. First of all, I wish to 
express my sincerest gratitude to Professor Hitoshi Shirakawa, whose guidance, 
continuous support, and vast knowledge are indispensable for the completion of my 
doctoral degree.  I would also like to extend the same gratitude to Professor Michio Komai, 
Professor Slamet Budijanto, and Associate Professor Ardiansyah, whose 
recommendation and continuous advice are essential in completing these studies. Special 
thanks are also reserved for Assistant Professor Yusuke Ohsaki and Assistant Professor 
Halima Sultana for their input and counsel in finishing this study and manuscript. 
On a similar note, I would like to acknowledge and thank Professor Tomonori 
Nochi and Ryota Hirakawa for their invaluable help in completing the first study, and 
similarly, Professor Takuya Koseki for his part in finishing the second study. To Professor 
Haruki Kitazawa and Professor Masako Toda, I thank you for your feedback and 
improvement on this manuscript. I would also like to express my gratitude to all of the 
members of the Laboratory of Nutrition for their kind help, support, and friendship during 
my study. A special appreciation is also extended to the Kobayashi Foundation for the 
financial support, friendship, and various wonderful experiences throughout the three 
years of my doctoral study.  
I wish to express my utmost appreciation for my friends, who have supported me 
all through these years. Last but not least, I would like to express my warm gratitude for 
my parents and siblings, whose unending support, encouragement, and countless 
conversation always provided comfort and a fresh perspective during my study at Tohoku 




1.  Parham, P. The Immune System; 3rd edition.; Garland Science, Taylor & Francis Group, 
LLC: New York, 2009; ISBN 978-0-8153-4146-8. 
2.  Libby, P. Inflammation and cardiovascular disease mechanisms. - PubMed - NCBI. 2018, 
83, 456–460. 
3.  Licastro, F.; Candore, G.; Lio, D.; Porcellini, E.; Colonna-Romano, G.; Franceschi, C.; 
Caruso, C. Innate immunity and inflammation in ageing: A key for understanding age-
related diseases. Immun. Ageing 2005, 2, 1–14, doi:10.1186/1742-4933-2-8. 
4.  Weiner, H.L.; Selkoe, D.J. Inflammation and therapeutic vaccination in CNS diseases. 
Nature 2002, 420, 879–884, doi:10.1038/nature01325. 
5.  Islam, J.; Koseki, T.; Watanabe, K.; Ardiansyah; Budijanto, S.; Oikawa, A.; Alauddin, M.; 
Goto, T.; Aso, H.; Komai, M.; et al. Dietary supplementation of fermented rice bran 
effectively alleviates dextran sodium sulfate-induced colitis in mice. Nutrients 2017, 9, 
747, doi:10.3390/nu9070747. 
6.  Laroui, H.; Ingersoll, S.A.; Liu, H.C.; Baker, M.T.; Ayyadurai, S.; Charania, M.A.; Laroui, 
F.; Yan, Y.; Sitaraman, S. V.; Merlin, D. Dextran sodium sulfate (DSS) induces colitis in 
mice by forming nano-lipocomplexes with medium-chain-length fatty acids in the colon. 
PLoS One 2012, 7, e32084, doi:10.1371/journal.pone.0032084. 
7.  Yan, Y.; Kolachala, V.; Dalmasso, G.; Nguyen, H.; Laroui, H.; Sitaraman, S. V.; Merlin, 
D. Temporal and spatial analysis of clinical and molecular parameters in dextran sodium 
sulfate induced colitis. PLoS One 2009, 4, e6073, doi:10.1371/journal.pone.0006073. 
8.  Hefnawy, H.T.M.; El-shourbagy, G. A chemical analysis and antioxidant activity of 
polysaccharide extracted from rice bran. World J. Dairy Food Sci. 2014, 9, 95–104, 
doi:10.5829/idosi.wjdfs.2014.9.2.1135. 
9.  Dapar, M.L.G.; Garzon, J.F.; Demayo, C.G. Cytotoxic activity and antioxidant potentials 
of hexane and methanol extracts of IR64 rice bran against human lung ( A549) and colon 
( HCT116 ) carcinomas. Int. Res. J. Biol. Sci. 2013, 2, 19–23. 
10.  Park, H.Y.; Yu, A.R.; Choi, I.W.; Hong, H. Do; Lee, K.W.; Choi, H.D. 
Immunostimulatory effects and characterization of a glycoprotein fraction from rice bran. 
Int. Immunopharmacol. 2013, 17, 191–197, doi:10.1016/j.intimp.2013.06.013. 
11.  Itharat A.; Uttama S.; Makchuchit S. Anti-inflammatory activities of constituents in sang 
yod rice extracts, γ-oryzanol, vitamins E, B1, B2 and B3, using inhibitory effects on nitric 
oxide (NO) production in lipopolysaccharide (LPS) activated RAW 264.7 murine 
macrophage cells. Med. Aromat. Plants 2016, 05, 3–8, doi:10.4172/2167-0412.1000244. 
12.  Justo, M.L.; Candiracci, M.; Dantas, A.P.; de Sotomayor, M.A.; Parrado, J.; Vila, E.; 
Herrera, M.D.; Rodriguez-Rodriguez, R. Rice bran enzymatic extract restores endothelial 
function and vascular contractility in obese rats by reducing vascular inflammation and 
oxidative stress. J. Nutr. Biochem. 2013, 24, 1453–1461, 
doi:10.1016/j.jnutbio.2012.12.004. 
13.  Alauddin, M.; Shirakawa, H.; Koseki, T.; Kijima, N.; Ardiansyah; Budijanto, S.; Islam, J.; 
48 
 
Goto, T.; Komai, M. Fermented rice bran supplementation mitigates metabolic syndrome 
in stroke-prone spontaneously hypertensive rats. BMC Complement. Altern. Med. 2016, 
16, 1–11, doi:10.1186/s12906-016-1427-z. 
14.  Rusbana, T.B.; Agista, A.Z.; Saputra, W.D.; Ohsaki, Y.; Watanabe, K.; Ardiansyah; 
Budijanto, S.; Koseki, T.; Aso, H.; Komai, M.; et al. Supplementation with fermented rice 
bran attenuates muscle atrophy in a diabetic rat model. Nutrients 2020, 12, 2409, 
doi:10.3390/nu12082409. 
15.  FAO. Food Outlook: Biannual Report on Global Food Markets; Rome, 2021. 
16.  FAO. FAOSTAT Crops Processed. 2021. Available online: 
http://www.fao.org/faostat/en/#data/SD (accessed on Jun 11, 2021). 
17.  Taniguchi, H.; Hashimoto, H.; Hosoda, A.; Kometani, T.; Tsuno, T.; Adachi, S. 
Functionality of compounds contained in rice bran and their improvement. Nippon 
Shokuhin Kagaku Kogaku Kaishi 2012, 59, 301–318, doi:10.3136/nskkk.59.301. 
18.  Ardiansyah; Nada, A.; Rahmawati, N.T.I.; Oktriani, A.; David, W.; Astuti, R.M.; Handoko, 
D.D.; Kusbiantoro, B.; Budijanto, S.; Shirakawa, H. Volatile compounds, sensory profile 
and phenolic compounds in fermented rice bran. Plants 2021, 10, 1073, 
doi:10.3390/plants10061073. 
19.  Salmerón, I.; Loeza-Serrano, S.; Pérez-Vega, S.; Pandiella, S.S. Headspace gas 
chromatography (HS-GC) analysis of imperative flavor compounds in Lactobacilli-
fermented barley and malt substrates. Food Sci. Biotechnol. 2015, 24, 1363–1371, 
doi:10.1007/s10068-015-0175-z. 
20.  Lee, S.M.; Oh, J.; Hurh, B.S.; Jeong, G.H.; Shin, Y.K.; Kim, Y.S. Volatile compounds 
produced by Lactobacillus paracasei during oat fermentation. J. Food Sci. 2016, 81, 
C2915–C2922, doi:10.1111/1750-3841.13547. 
21.  Blackwell, J.; Saxena, S.; Jayasooriya, N.; Bottle, A.; Petersen, I.; Hotopf, M.; Alexakis, 
C.; Pollok, R.C. Prevalence and duration of gastrointestinal symptoms before diagnosis of 
inflammatory bowel disease and predictors of timely specialist review: a population-based 
study. J. Crohn’s Colitis 2021, 15, 203–211, doi:10.1093/ecco-jcc/jjaa146. 
22.  Berre, C. Le; Ananthakrishnan, A.N.; Danese, S.; Singh, S.; Peyrin-biroulet, L. Ulcerative 
colitis and Crohn’s disease have similar burden and goals for treatment. Clin. 
Gastroenterol. Hepatol. 2020, 18, 14–23, doi:10.1016/j.cgh.2019.07.005. 
23.  Ananthakrishnan, A.N. Epidemiology and risk factors for IBD. Nat. Rev. Gastroenterol. 
Hepatol. 2015, 12, 205–217, doi:10.1038/nrgastro.2015.34. 
24.  Kaplan, G.G. The global burden of IBD: From 2015 to 2025. Nat. Rev. Gastroenterol. 
Hepatol. 2015, 12, 720–727, doi:10.1038/nrgastro.2015.150. 
25.  Kaplan, G.G.; Windsor, J.W. The four epidemiological stages in the global evolution of 
inflammatory bowel disease. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 56–66, 
doi:10.1038/s41575-020-00360-x. 
26.  Murakami, Y.; Nishiwaki, Y.; Oba, M.S.; Asakura, K.; Ohfuji, S.; Fukushima, W.; Suzuki, 
Y.; Nakamura, Y. Estimated prevalence of ulcerative colitis and Crohn’s disease in Japan 
49 
 
in 2014: an analysis of a nationwide survey. J. Gastroenterol. 2019, 54, 1070–1077, 
doi:10.1007/s00535-019-01603-8. 
27.  Asakura, K.; Nishiwaki, Y.; Inoue, N.; Hibi, T.; Watanabe, M.; Takebayashi, T. 
Prevalence of ulcerative colitis and Crohn’s disease in Japan. J. Gastroenterol. 2009, 44, 
659–665, doi:10.1007/s00535-009-0057-3. 
28.  Yamabe, K.; Liebert, R.; Flores, N.; Pashos, C.L. Health-related quality of life outcomes 
and economic burden of inflammatory bowel disease in japan. Clin. Outcomes Res. 2019, 
11, 221–232, doi:10.2147/CEOR.S179892. 
29.  Gundersen, M.D.; Goll, R.; Fenton, C.G.; Anderssen, E.; Sørbye, S.W.; Florholmen, J.R.; 
Paulssen, R.H. Fibrosis mediators in the colonic mucosa of acute and healed ulcerative 
colitis. Clin. Transl. Gastroenterol. 2019, 10, e00082, 
doi:10.14309/ctg.0000000000000082. 
30.  Gordon, I.O.; Agrawal, N.; Goldblum, J.R.; Fiocchi, C.; Rieder, F. Fibrosis in ulcerative 
colitis : mechanisms, features, and consequences of a neglected problem. 2014, 20, 2198–
2206, doi:10.1097/MIB.0000000000000080. 
31.  Rieder, F.; Fiocchi, C.; Rogler, G. Mechanisms, management, and treatment of fibrosis in 
patients with inflammatory bowel diseases. Gastroenterology 2017, 152, 340-350.e6, 
doi:10.1053/j.gastro.2016.09.047. 
32.  Rieder, F.; Brenmoehl, J.; Leeb, S.; Schölmerich, J.; Rogler, G. Wound healing and 
fibrosis in intestinal disease. Gut 2007, 56, 130–139, doi:10.1136/gut.2006.090456. 
33.  Iizuka, M.; Konno, S. Wound healing of intestinal epithelial cells. World J. Gastroenterol. 
2011, 17, 2161–2171, doi:10.3748/wjg.v17.i17.2161. 
34.  Beck, P.L.; Rosenberg, I.M.; Xavier, R.J.; Koh, T.; Wong, J.F.; Podolsky, D.K. 
Transforming growth factor-β mediates intestinal healing and susceptibility to injury in 
vitro and in vivo through epithelial cells. Am. J. Pathol. 2003, 162, 597–608, 
doi:10.1016/S0002-9440(10)63853-9. 
35.  Pickert, G.; Neufert, C.; Leppkes, M.; Zheng, Y.; Wittkopf, N.; Warntjen, M.; Lehr, H.A.; 
Hirth, S.; Weigmann, B.; Wirtz, S.; et al. STAT3 links IL-22 signaling in intestinal 
epithelial cells to mucosal wound healing. J. Exp. Med. 2009, 206, 1465–1472, 
doi:10.1084/jem.20082683. 
36.  Koike, Y.; Yozaki, M.; Utani, A.; Murota, H. Fibroblast growth factor 2 accelerates the 
epithelial–mesenchymal transition in keratinocytes during wound healing process. Sci. 
Rep. 2020, 10, 1–13, doi:10.1038/s41598-020-75584-7. 
37.  Rieder, F.; Fiocchi, C. Intestinal fibrosis in inflammatory bowel disease - Current 
knowledge and future perspectives. J. Crohn’s Colitis 2008, 2, 279–290, 
doi:10.1016/j.crohns.2008.05.009. 
38.  Mathur, R.; Alam, M.M.; Zhao, X.F.; Liao, Y.; Shen, J.; Morgan, S.; Huang, T.; Lee, H.J.; 
Lee, E.; Huang, Y.; et al. Induction of autophagy in Cx3cr1 + mononuclear cells limits IL-




39.  Brenmoehl, J.; Miller, S.N.; Hofmann, C.; Vogl, D.; Falk, W.; Schölmerich, J.; Rogler, G. 
Transforming growth factor-β1 induces intestinal myofibroblast differentiation and 
modulates their migration. World J. Gastroenterol. 2009, 15, 1431–1442, 
doi:10.3748/wjg.15.1431. 
40.  Sedda, S.; Marafini, I.; Dinallo, V.; Di Fusco, D.; Monteleone, G. The TGF-β/Smad 
system in IBD pathogenesis. Inflamm. Bowel Dis. 2015, 21, 2921–2925, 
doi:10.1097/MIB.0000000000000542. 
41.  Finnson, K.W.; Almadani, Y.; Philip, A. Non-canonical (non-SMAD2/3) TGF-β signaling 
in fibrosis: mechanisms and targets. Semin. Cell Dev. Biol. 2020, 101, 115–122, 
doi:10.1016/j.semcdb.2019.11.013. 
42.  Hu, H.H.; Chen, D.Q.; Wang, Y.N.; Feng, Y.L.; Cao, G.; Vaziri, N.D.; Zhao, Y.Y. New 
insights into TGF-β/Smad signaling in tissue fibrosis. Chem. Biol. Interact. 2018, 292, 76–
83, doi:10.1016/j.cbi.2018.07.008. 
43.  Tang, L.Y.; Heller, M.; Meng, Z.; Yu, L.R.; Tang, Y.; Zhou, M.; Zhang, Y.E. 
Transforming growth factor-β (TGF-β) directly activates the JAK1-STAT3 axis to induce 
hepatic fibrosis in coordination with the SMAD pathway. J. Biol. Chem. 2017, 292, 4302–
4312, doi:10.1074/jbc.M116.773085. 
44.  Stolfi, C.; Troncone, E.; Marafini, I.; Monteleone, G. Role of TGF-beta and SMAD7 in 
gut inflammation, fibrosis and cancer. Biomolecules 2021, 11, 1–15, 
doi:10.3390/biom11010017. 
45.  Goyal, N.; Rana, A.; Ahlawat, A.; Bijjem, K.R. V.; Kumar, P. Animal models of 
inflammatory bowel disease: A review. Inflammopharmacology 2014, 22, 219–233, 
doi:10.1007/s10787-014-0207-y. 
46.  Perše, M.; Cerar, A. Dextran sodium sulphate colitis mouse model: Traps and tricks. J. 
Biomed. Biotechnol. 2012, 2012, 1–13, doi:10.1155/2012/718617. 
47.  Kitajima, S.; Takuma, S.; Morimoto, M. Histological analysis of murine colitis induced 
by dextran sulfate sodium of different molecular weights. Exp. Anim. 2000, 49, 9–15, 
doi:10.1538/expanim.49.9. 
48.  Melgar, S.; Karlsson, A.; Michaëlsson, E. Acute colitis induced by dextran sulfate sodium 
progresses to chronicity in C57BL/6 but not in BALB/c mice: Correlation between 
symptoms and inflammation. Am. J. Physiol. - Gastrointest. Liver Physiol. 2005, 288, 
1328–1338, doi:10.1152/ajpgi.00467.2004. 
49.  Bábíčková, J.; Tóthová, Ľ.; Lengyelová, E.; Bartoňová, A.; Hodosy, J.; Gardlík, R.; Celec, 
P. Sex differences in experimentally induced colitis in mice: a role for estrogens. 
Inflammation 2015, 38, 1996–2006, doi:10.1007/s10753-015-0180-7. 
50.  Wagnerova, A.; Babickova, J.; Liptak, R.; Vlkova, B.; Celec, P.; Gardlik, R. Sex 
differences in the effect of resveratrol on DSS-induced colitis in mice. Gastroenterol. Res. 
Pract. 2017, 2017, doi:10.1155/2017/8051870. 
51.  Samak Geetha, Chaudr Kamaljit K., Gangwar Ruchika, Narayanan Damodaran, Jaggar 
Jonathan H., R.R. Calcium-Ask1-MKK7-JNK2-c-Src signaling cascade mediates 
disruption of intestinal epithelial tight junctions by dextran sulfate sodium. Biochem J. 
51 
 
2015, 465, 503–515, doi:10.1042/BJ20140450. 
52.  Dharmani, P.; Leung, P.; Chadee, K. Tumor necrosis factor-α and Muc2 mucin play major 
roles in disease onset and progression in dextran sodium sulphate-induced colitis. PLoS 
One 2011, 6, e25058, doi:10.1371/journal.pone.0025058. 
53.  De Fazio, L.; Cavazza, E.; Spisni, E.; Strillacci, A.; Centanni, M.; Candela, M.; Praticò, 
C.; Campieri, M.; Ricci, C.; Valerii, M.C. Longitudinal analysis of inflammation and 
microbiota dynamics in a model of mild chronic dextran sulfate sodium-induced colitis in 
mice. World J. Gastroenterol. 2014, 20, 2051–2061, doi:10.3748/wjg.v20.i8.2051. 
54.  Suzuki, K.; Sun, X.; Nagata, M.; Kawase, T.; Yamaguchi, H.; Sukumaran, V.; Kawauchi, 
Y.; Kawachi, H.; Nishino, T.; Watanabe, K.; et al. Analysis of intestinal fibrosis in chronic 
colitis in mice induced by dextran sulfate sodium. Pathol. Int. 2011, 61, 228–238, 
doi:10.1111/j.1440-1827.2011.02647.x. 
55.  Rieder, F.; Kessler, S.; Sans, M.; Fiocchi, C. Animal models of intestinal fibrosis: New 
tools for the understanding of pathogenesis and therapy of human disease. Am. J. Physiol. 
- Gastrointest. Liver Physiol. 2012, 303, 786–801, doi:10.1152/ajpgi.00059.2012. 
56.  Dong, F.; Hao, F.; Murray, I.A.; Smith, P.B.; Koo, I.; Tindall, A.M.; Kris-etherton, P.M.; 
Gowda, K.; Amin, S.G.; Patterson, A.D.; et al. Intestinal microbiota-derived tryptophan 
metabolites are predictive of Ah receptor activity receptor activity ABSTRACT. Gut 
Microbes 2020, 12, 1–24, doi:10.1080/19490976.2020.1788899. 
57.  Qiu, J.; Zhou, L. Aryl hydrocarbon receptor promotes RORγt+ Group 3 ILCs and controls 
intestinal immunity and inflammation. Semin. Immunopathol. 2013, 35, 657–670, 
doi:10.1007/s00281-013-0393-5. 
58.  Pohjanvirta, R. AHR in energy balance regulation. Curr. Opin. Toxicol. 2017, 1, 8–14, 
doi:10.1016/j.cotox.2017.01.002. 
59.  Zhang, L.; Nichols, R.G.; Patterson, A.D. The aryl hydrocarbon receptor as a moderator 
of host-microbiota communication. Curr. Opin. Toxicol. 2017, 2, 30–35, 
doi:10.1016/j.cotox.2017.02.001. 
60.  Murray, I.A.; Perdew, G.H. Ligand activation of the Ah receptor contributes to 
gastrointestinal homeostasis. Curr. Opin. Toxicol. 2017, 1, 15–23, 
doi:10.1016/j.cotox.2017.01.003. 
61.  Lee, J.; Cella, M.; Mcdonald, K.; Garlanda, C.; Kennedy, G.D.; Nukaya, M.; Mantovani, 
A.; Kopan, R.; Bradfield, C.A. AHR drives the development of gut ILC22 cells and 
postnatal lymphoid tissues via pathways dependent on and independent of Notch. Nat 
Immunol. 2012, 13, 144–151, doi:10.1038/ni.2187. 
62.  Function, L.C.; Li, S.; Bostick, J.W.; Ye, J.; Urban, J.F.; Avram, D.; Li, S.; Bostick, J.W.; 
Ye, J.; Qiu, J.; et al. Aryl hydrocarbon receptor signaling cell intrinsically inhibits 
intestinal group 2 innate lymphoid cell function. Immunity 2018, 49, 915-928.e5, 
doi:10.1016/j.immuni.2018.09.015. 
63.  Islam, J.; Sato, S.; Watanabe, K.; Watanabe, T.; Ardiansyah; Hirahara, K.; Aoyama, Y.; 
Tomita, S.; Aso, H.; Komai, M.; et al. Dietary tryptophan alleviates dextran sodium 
sulfate-induced colitis through aryl hydrocarbon receptor in mice. J. Nutr. Biochem. 2017, 
52 
 
42, 43–50, doi:10.1016/j.jnutbio.2016.12.019. 
64.  Goettel, J.A.; Gandhi, R.; Kenison, J.E.; Yeste, A.; Murugaiyan, G.; Sambanthamoorthy, 
S.; Griffith, A.E.; Patel, B.; Shouval, D.S.; Weiner, H.L.; et al. AHR activation is 
protective against colitis driven by T cells in humanized mice. Cell Rep. 2016, 17, 1318–
1329, doi:10.1016/j.celrep.2016.09.082. 
65.  Merches, K.; Haarmann-Stemmann, T.; Weighardt, H.; Krutmann, J.; Esser, C. AHR in 
the skin: From the mediator of chloracne to a therapeutic panacea? Curr. Opin. Toxicol. 
2017, 2, 79–86, doi:10.1016/j.cotox.2017.02.002. 
66.  Lamas, B.; Richard, M.L.; Leducq, V.; Pham, H.P.; Michel, M.L.; Da Costa, G.; 
Bridonneau, C.; Jegou, S.; Hoffmann, T.W.; Natividad, J.M.; et al. CARD9 impacts colitis 
by altering gut microbiota metabolism of tryptophan into aryl hydrocarbon receptor 
ligands. Nat. Med. 2016, 22, 598–605, doi:10.1038/nm.4102. 
67.  Alexeev, E.E.; Lanis, J.M.; Kao, D.J.; Campbell, E.L.; Kelly, C.J.; Battista, K.D.; Gerich, 
M.E.; Jenkins, B.R.; Walk, S.T.; Kominsky, D.J.; et al. Microbiota-derived indole 
metabolites promote human and murine intestinal homeostasis through regulation of 
interleukin-10 receptor. Am. J. Pathol. 2018, 188, 1183–1194, 
doi:10.1016/j.ajpath.2018.01.011. 
68.  Williams, B.B.; Benschoten, A.H. Van; Cimermancic, P.; Donia, M.S.; Zimmermann, M.; 
Taketani, M.; Ishihara, A.; Kashyap, P.C.; Fraser, J.S.; Fischbach, M.A. Discovery and 
characterization of gut microbiota decarboxylases that can produce the neurotransmitter 
tryptamine. Cell Host Microbe 2014, 16, 495–503, doi:10.1016/j.chom.2014.09.001. 
69.  Bhattarai, Y.; Williams, B.B.; Battaglioli, E.J.; Whitaker, W.R.; Till, L.; Grover, M.; 
Linden, D.R.; Akiba, Y.; Kandimalla, K.K.; Zachos, N.C.; et al. Gut microbiota-produced 
tryptamine activates an epithelial G-protein-coupled receptor to increase colonic secretion. 
Cell Host Microbe 2018, 23, 775-785.e5, doi:10.1016/j.chom.2018.05.004. 
70.  Dopkins, N.; Becker, W.; Miranda, K.; Walla, M.; Nagarkatti, P.; Nagarkatti, M. 
Tryptamine attenuates experimental multiple sclerosis through activation of aryl 
hydrocarbon receptor. Front. Pharmacol. 2021, 11, 1–11, doi:10.3389/fphar.2020.619265. 
71.  Krishnan, S.; Ding, Y.; Saedi, N.; Choi, M.; Sridharan, G. V.; Sherr, D.H.; Yarmush, M.L.; 
Alaniz, R.C.; Jayaraman, A.; Lee, K. Gut microbiota-derived tryptophan metabolites 
modulate inflammatory response in hepatocytes and macrophages. Cell Rep. 2018, 23, 
1099–1111, doi:10.1016/j.celrep.2018.03.109. 
72.  Rodriguez, M.B.R.; Carneiro, C. da S.; Feijó, M.B. da S.; Júnior, C.A.C.; Mano, S.B. 
Bioactive amines: aspects of quality and safety in food. Food Nutr. Sci. 2014, 05, 138–
146, doi:10.4236/fns.2014.52018. 
73.  del Rio, B.; Redruello, B.; Fernandez, M.; Martin, M.C.; Ladero, V.; Alvarez, M.A. The 
biogenic amine tryptamine, unlike β-phenylethylamine, shows in vitro cytotoxicity at 
concentrations that have been found in foods. Food Chem. 2020, 331, 127303, 
doi:10.1016/j.foodchem.2020.127303. 
74.  European Food Safety Authority Scientific Opinion on risk based control of biogenic 
amine formation in fermented foods. EFSA J. 2011, 9, 1–93, doi:10.2903/j.efsa.2011.2393. 
53 
 
75.  Kang, C. sung; Ban, M.; Choi, E.J.; Moon, H.G.; Jeon, J.S.; Kim, D.K.; Park, S.K.; Jeon, 
S.G.; Roh, T.Y.; Myung, S.J.; et al. Extracellular vesicles derived from gut microbiota, 
especially Akkermansia muciniphila, protect the progression of dextran sulfate sodium-
induced colitis. PLoS One 2013, 8, e76520, doi:10.1371/journal.pone.0076520. 
76.  Torres, J.; Billioud, V.; Sachar, D.B.; Peyrin-biroulet, L. Ulcerative colitis as a progressive 
disease : the forgotten evidence. Inflamm Bowel Dis 2012, 18, 1356–1363, 
doi:10.1002/ibd.22839. 
77.  Scheibe, K.; Kersten, C.; Schmied, A.; Vieth, M.; Primbs, T.; Carlé, B.; Knieling, F.; 
Claussen, J.; Klimowicz, A.C.; Zheng, J.; et al. Inhibiting interleukin 36 receptor signaling 
reduces fibrosis in mice with chronic intestinal inflammation. Gastroenterology 2019, 156, 
1082-1097.e11, doi:10.1053/j.gastro.2018.11.029. 
78.  Lenti, M.V.; Di Sabatino, A. Intestinal fibrosis. Mol. Aspects Med. 2019, 65, 100–109, 
doi:10.1016/j.mam.2018.10.003. 
79.  Agista, A.Z.; Rusbana, T.B.; Islam, J.; Ohsaki, Y.; Sultana, H.; Hirakawa, R.; Watanabe, 
K.; Nochi, T.; Ardiansyah; Budijanto, S.; et al. Fermented rice bran supplementation 
prevented the development of intestinal fibrosis due to DSS-induced inflammation in mice. 
Nutrients 2021, 13, 1–21, doi:https://doi.org/10.3390/ nu13061869. 
80.  Choi, J.S.; Kim, K.H.; Lau, L.F. The matricellular protein CCN1 promotes mucosal 
healing in murine colitis through IL-6. Mucosal Immunol. 2015, 8, 1285–1296, 
doi:10.1038/mi.2015.19. 
81.  Ouyang, W.; O’Garra, A. IL-10 family cytokines IL-10 and IL-22: from basic science to 
clinical translation. Immunity 2019, 50, 871–891, doi:10.1016/j.immuni.2019.03.020. 
82.  Campana, L.; Starkey Lewis, P.J.; Pellicoro, A.; Aucott, R.L.; Man, J.; O’Duibhir, E.; Mok, 
S.E.; Ferreira-Gonzalez, S.; Livingstone, E.; Greenhalgh, S.N.; et al. The STAT3–IL-10–
IL-6 pathway is a novel regulator of macrophage efferocytosis and phenotypic conversion 
in sterile liver injury. J. Immunol. 2018, 200, 1169–1187, doi:10.4049/jimmunol.1701247. 
83.  Hubbard, T.D.; Murray, I.A.; Perdew, G.H. Special section on drug metabolism and the 
microbiome - Minireview indole and tryptophan metabolism: Endogenous and dietary 
routes to ah receptor activation. Drug Metab. Dispos. 2015, 43, 1522–1535, 
doi:10.1124/dmd.115.064246. 
84.  Sekine, H.; Mimura, J.; Oshima, M.; Okawa, H.; Kanno, J.; Igarashi, K.; Gonzalez, F.J.; 
Ikuta, T.; Kawajiri, K.; Fujii-Kuriyama, Y. Hypersensitivity of Aryl Hydrocarbon 
Receptor-Deficient Mice to Lipopolysaccharide-Induced Septic Shock. Mol. Cell. Biol. 
2009, 29, 6391–6400, doi:10.1128/mcb.00337-09. 
85.  Chen, P.H.; Chang, H.; Chang, J.T.; Lin, P. Aryl hydrocarbon receptor in association with 
RelA modulates IL-6 expression in non-smoking lung cancer. Oncogene 2012, 31, 2555–
2565, doi:10.1038/onc.2011.438. 
86.  Kimura, A.; Naka, T.; Nakahama, T.; Chinen, I.; Masuda, K.; Nohara, K.; Fujii-Kuriyama, 
Y.; Kishimoto, T. Aryl hydrocarbon receptor in combination with Stat1 regulates LPS-




87.  Zhu, J.; Luo, L.; Tian, L.; Yin, S.; Ma, X.; Cheng, S.; Tang, W.; Yu, J.; Ma, W.; Zhou, X.; 
et al. Aryl hydrocarbon receptor promotes IL-10 expression in inflammatory macrophages 
through Src-STAT3 signaling pathway. Front. Immunol. 2018, 9, 1–14, 
doi:10.3389/fimmu.2018.02033. 
88.  Schreiber, S. Interleukin-10 in the intestine. Gut 1997, 41, 274–275, 
doi:10.1136/gut.41.2.274. 
89.  Gandhi, R.; Kumar, D.; Burns, E.J.; Nadeau, M.; Dake, B.; Laroni, A.; Kozoriz, D.; 
Weiner, H.L.; Quintana, F.J. Activation of the aryl hydrocarbon receptor induces human 
type 1 regulatory T cell-like and Foxp3+ regulatory T cells. Nat. Immunol. 2010, 11, 846–
853, doi:10.1038/ni.1915. 
90.  Ouyang, W.; Kolls, J.K.; Zheng, Y. The biological functions of T helper 17 cell effector 
cytokines in inflammation. Immunity 2008, 28, 454–467, 
doi:10.1016/j.immuni.2008.03.004. 
91.  Feng, T.; Qin, H.; Wang, L.; Benveniste, E.N.; Elson, C.O.; Cong, Y. Th17 cells induce 
colitis and promote Th1 cell responses through IL-17 induction of innate IL-12 and IL-23 
production. J. Immunol. 2011, 186, 6313–6318, doi:10.4049/jimmunol.1001454. 
92.  Qiu, J.; Heller, J.J.; Guo, X.; Chen, Z.-E.; Fish, K.; Fu, Y.-X.; Zhou, L. The aryl 
hydrocarbon receptor regulates gut immunity through modulation of innate lymphoid cells. 
Immunity 2011, 36, 92–104, doi:10.1016/j.immuni.2011.11.011. 
93.  Qiu, J.; Guo, X.; Chen, Z. ming E.; He, L.; Sonnenberg, G.F.; Artis, D.; Fu, Y.X.; Zhou, 
L. Group 3 innate lymphoid cells inhibit T-cell-mediated intestinal inflammation through 
aryl hydrocarbon receptor signaling and regulation of microflora. Immunity 2013, 39, 386–
399, doi:10.1016/j.immuni.2013.08.002. 
94.  Reyes-Reyes, E.M.; Ramos, I.N.; Tavera-Garcia, M.A.; Ramos, K.S. The aryl 
hydrocarbon receptor agonist benzo(a)pyrene reactivates LINE-1 in HepG2 cells through 
canonical TGF-β1 signaling: Implications in hepatocellular carcinogenesis. Am. J. Cancer 
Res. 2016, 6, 1066–1077. 
95.  Gramatzki, D.; Pantazis, G.; Schittenhelm, J.; Tabatabai, G.; Köhle, C.; Wick, W.; 
Schwarz, M.; Weller, M.; Tritschler, I. Aryl hydrocarbon receptor inhibition 
downregulates the TGF-Β/Smad pathway in human glioblastoma cells. Oncogene 2009, 
28, 2593–2605, doi:10.1038/onc.2009.104. 
96.  Monteleone, I.; Zorzi, F.; Marafini, I.; Di Fusco, D.; Dinallo, V.; Caruso, R.; Izzo, R.; 
Franzè, E.; Colantoni, A.; Pallone, F.; et al. Aryl hydrocarbon receptor-driven signals 




LIST OF FIGURES 
Figure 1.1. Study 1 experiment design ........................................................................................ 14 
Figure 1.2. Fermented rice bran (FRB) and rice bran (RB) supplementation assisted in faster 
recovery after dextran sodium sulfate (DSS) administration. ................................... 18 
Figure 1.3. Histological sections of intestines of mice. ............................................................... 19 
Figure 1.4. Fermented rice bran (FRB) and rice bran (RB) supplementation reduced the mRNA 
expression of pro-inflammatory cytokines and chemokines in mice intestines. ....... 23 
Figure 1.5. Fermented rice bran (FRB) and rice bran (RB) supplementation increased the 
mRNA levels of anti-inflammatory cytokines in mice intestines and the levels of pro-
inflammatory proteins in serum. ............................................................................... 24 
Figure 1.6. Fermented rice bran (FRB) and rice bran (RB) supplementation regulated intestinal 
barrier function. ......................................................................................................... 25 
Figure 1.7. Fermented rice bran (FRB) supplementation reduced collagen deposition in mice 
colons. ....................................................................................................................... 26 
Figure 1.8. Fermented rice bran (FRB) supplementation reduced markers of intestinal 
fibrosis. ...................................................................................................................... 27 
Figure 1.9. Fermented rice bran (FRB) supplementation reduces the risk of intestinal fibrosis. 28 
Figure 2.1. Experiment design of study 2 ................................................................................... 31 
Figure 2.2. Both RB and FRB were found to have anti-inflammatory functions in RAW 264.7 
cells. .......................................................................................................................... 34 
Figure 2.3. Solvent extraction of FRB resulted in fractions with anti-inflammatory activities in 
RAW 264.7 cells. ...................................................................................................... 39 
Figure 2.4. Solid-phase fractionation of FRBA resulted in some fractions which have an anti-
inflammatory capacity in RAW 264.7 cells. ............................................................. 40 
Figure 2.5. FRB fractions were found to have various levels of tryptophan, tryptamine, indole-3-
acetic acid, and indole. .............................................................................................. 41 
Figure 2.6. Tryptophan and its microbial metabolites affected the expression of Il-6 and Ahr in 
RAW 264.7 cells. ...................................................................................................... 42 
Figure 2.7. Effect of FRBE and tryptamine treatment on mouse intraperitoneal macrophages. . 42 
56 
 
LIST OF TABLES 
Table 1.1. Diet composition ........................................................................................................ 17 
Table 1.2. Disease activity score ................................................................................................. 17 
Table 1.3. List of nucleotide sequences using qRT-PCR. ........................................................... 29 
Table 2.1 Yield of the first fractionation of RB and FRB. .......................................................... 35 
Table 2.2. Yield of the second fractionation of FRB .................................................................. 36 
 
